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Introduction 

Understanding  the  molecular  and  cellular  mechanisms  that  trigger  breast  cancer  is 
essential  to  the  prevention  and  treatment  of  this  disease.  The  initiation  and  progression  of 
breast  cancer  is  likely  the  result  of  dysregulation  of  both  oncogenes  and  tumor  suppressor 
genes  (1,  2).  Mutations  of  these  genes  can  cause  defects  in  cellular  survival  and 
proliferation,  genomic  integrity,  and  sensitivity  to  DNA  damage.  However,  few  genes  that 
regulate  DNA  damage  induced  cell  death  are  known  to  date,  and  even  less  is  known  as  to 
how  they  interconnect  with  the  apoptosis  and  survival  pathways.  We  have  proposed  to 
establish  a  genetic  system  to  screen  for  genes  that  regulate  survival  in  cultured  cells 
through  high-efficiency  mutagenesis  using  Enhanced  Retroviral  Mutagens  (ERM)  (3).  Due 
to  the  random  nature  of  retroviral  integration,  endogenous  genes  involved  in  cell  survival 
signaling  cascades  may  be  activated  or  inactivated  by  ERM.  The  targeted  gene  loci  are 
marked  by  retroviral  integration  thereby  allowing  quick  isolation  of  the  candidate  genes.  The 
overall  objective  of  this  proposal  is  to  identify  and  study  genes  that  allow  the  survival  of 
normal  and  cancerous  breast  cells.  The  physiological  roles  of  these  genes  and  their 
interactions  with  known  signaling  pathways  will  be  investigated.  Genetic  screens  will  be 
performed  to  search  for  survival  genes  in  response  to  DNA  damage.  And  the  function  and 
signaling  mechanisms  of  BARD1  in  breast  cancer  cell  survival  will  also  be  examined.  The 
proposed  studies  should  help  in  our  understanding  of  the  molecular  basis  underlying  cell 
survival  signaling  and  breast  cancer  as  well  as  provide  new  therapeutic  targets  for  the  cure 
of  this  disease. 

Body 

(1)  For  Task  1,  we  proposed  to  isolate  mammalian  genes  involved  in  breast  cancer  cell 
survival.  This  will  be  achieved  by  establishing  Enhanced  Retrovirus  Mutagen  (ERM)- 
mediated  genetic  screen  and  analyzing  isolated  clones,  establishing  secondary  screens 
using  human  breast  epithelial  cells  to  confirm  the  role  the  cloned  genes  in  DNA-damage- 
induced  apoptosis,  and  identifying  the  candidate  genes  targeted  by  ERM. 

In  previous  reports,  we  described  the  development  and  employment  of  our  retrovirus- 
based  genetic  screen  system  ERM  (3)  to  ientify  genes  that  mediate  DNA-damage  induced 
apoptosis.  We  optimized  the  ERM  approach,  by  engineering  different  tag  sequences  (such 
as  epitope  and  signaling  tags).  Table  1  lists  some  of  the  vectors  generated  for  the  ERM 
screen.  In  addition,  all  ERM  vectors  contain  the  tetrocycline  responsive  promoter. 


Tags 

Name 

Advantage 

Epitope  tag 

HA,  FLAG,  AU3 

Detection  of  fusion  gene  products 

Signaling  tag 

Myristylation  signal  (Myr) 

Membrane  targeting  to  t  efficiency 

Protein  tag 

GFP 

Visualization  of  targeted  gene  products  in 
live  cells 

Table  1 .  List  of  vectors  for  ERM-mediated  genetic  screen. 


Primary  and  secondary  screens  were  then  carried  out.  The  strategy  was  first  used  to 
investigate  DNA-damage  induced  cell  death  in  a  cytokine-dependent  cell  line.  The  retroviral 


4 


Songyang,  Zhou 


mutagen  constructs  were  transfected  into  a  retroviral  packaging  cell  line  and  the  viruses 
were  harvested  48  hours  post  transfection  (Figure  1).  These  viruses  were  then  used  to 
infect  the  cytokine-dependent  cell  line  32D  cells  at  MOI  <=1  (3).  These  infected  cells  were 
first  cultured  in  flasks  for  3  days  in  the  presence  of  the  DNA-damage  inducing  drug  cisplatin 
(CDDP)  at  a  concentration  of  50mM.  Under  this  condition,  >95%  of  the  32D  cells  underwent 
apoptosis  (Figure  2).  Subsequently,  the  cells  were  washed  to  eliminate  CDDP,  and  plated 
in  6  x  96-well  plates  at  approximately  1,000  cells  per  well.  Multiple  clones  have  been 
isolated  from  this  genetic  screen.  In  Table  2,  we  listed  a  number  of  genes  that  we  have 
identified  to  date.  In  addition,  we  have  carried  out  secondary  screens  in  human  breast 
epithelial  cells  to  confirm  the  role  of  the  cloned  genes  in  DNA-damage-induced  apoptosis. 
We  are  currently  preparing  a  manuscript  that  describes  the  data  from  these  experiments. 


100%  ' 

5'  LTR 

1 - 1 - 

3'  LTR 
-1 - 1 

80% 

1 

Generation  of  viruses 
using  the  ERM  vector 

60% 

1 

Infection  of  32D  cells 

40% 

1 

1 

Culture  in  CDDP 

Plate  in  96-well  plates 

20% 

^  Isolation  of  resistant  clones 

Identification  of  the  gene  loci  targeted  via 

RT-PCR  or  Inverted  PCR 

0 

5  10  20  50  100 

Concentration  of  CDDP  (uM) 

Figure  1.  Flow  chart  for  ERM-mediated  genetic  screen 

Figure  2  Survival  of  32D  cells  in  different 
concentrations  of  CDDP 

Genes 

Possible  function 

novel 

Conserved  through  evolution.  Binds  to  RAD50 

NESH 

Homologue  of  Abi-1 .  SH3  domain  containing  protein 

novel 

Unknown  function 

Lyn 

Tyrosine  kinase.  Involved  in  DNA-damage  response  (4-7). 

Table  2.  Sample  list  of  identified  genes. 


(2)  For  Task  2,  we  have  proposed  to  biochemically  characterize  breast  cancer  genes 
including  how  BARD1  may  be  involved  in  breast  cancer  cell  survival.  BARD1  was  cloned 
originally  as  an  interactor  of  BRCA1  and  has  been  implicated  as  a  critical  factor  in  BRCA1 
tumor  suppression  (8).  Missense,  point  mutation  and  loss-of-function  mutations  of  BARD1 
have  been  found  in  breast  cancers  (9). 

BARD1  contains  an  N-terminal  RING  finger,  ankyrin  repeats,  and  C-terminal  BRCT 
domains  (Figure  3).  To  test  the  role  of  BARD1  in  apoptosis,  we  compared  the  survival  rate 
of  cells  expressing  wildtype  BARD1  and  mutant  BARD1  (A53)  in  which  RING  finger  was 
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deleted  following  IL-3  depletion.  As  shown  in  Figure 
3,  expression  of  full-length  BARD1  increased 
apoptosis  of  32D  cells,  whereas  A53  BARD1  cells  no 
longer  promoted  cell  death  (in  fact  survived  better 
than  control  cells).  These  data  suggest  that  the 
RING  finger  may  be  important  for  BARD1  apoptosis 
induction  activity.  Our  preliminary  results  also 
suggest  that  BARD1  may  modulate  cell  survival  in 
response  to  DNA  damage.  However,  the 
mechanism  of  how  BARD1  modulates  apoptosis 
remains  to  be  elucidated. 


One  way  to  dissect  the  function  of 
BARD1  is  through  analysis  of  the  factors  that  may 
interact  with  BARD1.  To  accomplish  this,  we 
optimized  a  proteomic  approach  (Figure  4).  Briefly, 
large  amount  of  human  HeLa  cells  were  grown  and  harvested.  Nuclear  extracts  were  made 
from  these  cells  and  then  immunoprecipitated  in  large-scale  with  an  anti-BARDI  antibody. 
The  immunoprecipitates  were  subsequently  resolved  by  SDS-PAGE,  and  visualized  by 
Coomassie  Blue  Staining.  Desired  bands  were  then  excised  from  the  gels,  digested,  and 
sequenced  via  Mass  Spectrometry. 


RING 


> 

S 

3 

CO 

o 

o 

O) 


Ankyrin  Repeat 

H 


BRCT 


Q564 


T 

; 

T 

r 

Control  BARDlA>3  BARD1 

Figure  3.  BARD1  promotes  IL-3 
deprivation  induced  apoptosis.  32D  Cell 
survival  was  compared  17  hrs  after  IL-3 
withdrawal. 


I 


Nuclear  extract 
Large-scale  IP 


SDS-PAGE 


I 


*  marks  specific  bands 
Isolating  bands  of  interest  for  digest 


i 


Mass  Spec  sequencing 


Figure  4.  Flowchart  of  large-scale  IP  approach. 
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Through  this  proteomic  method,  we  identified  a  number  of  factors  known  to  interact  with 
BARD1.  Factors  that  are  known  to  interact  with  BARD1  were  identified  (e.g.,  BRCA1  and 
CstF50).  In  addition,  we  also  identified  three  novel  factors  (Table  3).  To  further 
characterize  these  interactions,  we  have  obtained  cDNAs  of  all  these  factors.  These  cDNAs 
are  in  the  Gateway  vector  system.  The  Gateway  system  allows  for  quick  and  easy  shuffling 
of  sequences  into  a  variety  of  destination  vectors,  thereby  greatly  facilitating  our 
mutagenesis  and  expression/interaction  studies. 


Genes 

Known  Function 

CPSF-160 

multisubunit  cleavage  and  polyadenylation  specificity  factor  (1 1 ,12). 

CPSF-73 

multisubunit  cleavage  and  polyadenylation  specificity  factor  (11,  12). 

Symplekin 

Complexes  with  BARD1  associated  proteins  (13). 

Table  3.  Some  factors  known  to  interact  with  BARD1 . 


As  mentioned  above,  BARD1  is  a  BRCT-domain  containing  protein.  In  fact,  several  of 
the  genes  involved  in  breast  cancer  contain  the  BRCT  domains  (which  were  originally 
identified  in  BRCA1).  BRCT  domains  had  been  known  to  mediate  protein-protein  interaction 
domains.  Because  protein  phosphorylation  plays  a  major  role  in  regulating  DNA-damage 
induced  responses,  we  went  on  to  probe  whether  BRCT  domains  could  mediate 
phosphorylation-dependent  interactions.  To  achieve  this,  we  utilized  oriented  peptide 
libraries  to  map  the  sequence  motifs  recognized  by  the  BRCT  domains.  Through  these 
studies,  we  demonstrated  that  these  domains  can  indeed  mediate  phosphorylation- 
dependent  interactions.  Furthermore,  such  interactions  are  critical  for  their  function  (10). 
More  detailed  experiments  and  results  can  be  found  in  our  published  manuscript  in  the 
Appendix. 

BRCT  domains  can  also  be  found  in  proteins  not  yet  implicated  in  breast  cancer 
development.  One  example  is  RAP1 ,  a  telomere  targeted  protein  that  also  contains  a  Myb 
domain  and  a  coil-coil  domain.  Mammalian  telomeres  consist  of  long  stretches  of  TTAGGG 
repeats  that  serve  to  protect  the  ends  of  chromosomes.  To  date,  a  multitude  of  factors 
(including  DNA-damage  response  factors  such  as  the  MRN  complex)  have  been 
demonstrated  to  be  targeted  to  telomeres.  The  resulting  protein/telomere  complex  is 
thought  to  help  prevent  chromosomal  ends  from  being  recognized  as  DNA  breaks.  The 
presence  of  BRCT  domains  in  telomere  proteins  and  the  intrinsic  connection  between  DNA 
damage  response  pathways  and  telomere  biology  suggest  a  possible  role  of  telomere 
proteins  in  DNA  damge  reponse,  checkpoint  activation,  and  cancer. 

To  probe  this  connection  further,  we  first  examined  the  specificity  of  the  RAP1  BRCT 
domain.  Flowever,  we  found  no  evidence  that  the  RAP1  BRCT  domain  is  capable  of 
mediating  phosphorylation-dependent  interactions.  In  the  meantime,  we  also  carried  out 
proteomic  analysis  as  was  done  for  isolating  the  BARD1  complex.  We  have  isolated 
complexes  that  associated  with  RAP1  and  a  novel  telomere  targeted  protein  that  was 
isolated  in  the  lab  -  PTOP.  We  found  both  DNA  damage  response  factors  and  other  novel 
regulators  to  complex  with  these  proteins  (14-16)  (see  Appendix  for  details).  This  is 
consisternt  with  the  finfing  that  BRCA1  also  interacts  with  DNA  damage  response  factors 
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and  regulates  telomere  length  and  protection  (17).  More  studies  are  underway  to  elucidate 
the  interaction  between  the  pathways. 


Key  Research  Accomplishments 

•  Establishment  and  improvement  of  the  ERM  genetic  screen  approach 

•  Generation  of  CDDP  resistant  32D  cell  clones 

•  Establishment  of  a  system  to  identify  BARD1  associated  factors 

•  Successful  identification  of  a  number  of  novel  factors  from  the  genetic  screen 

•  Successful  identification  of  a  number  of  novel  factors  from  the  proteomic  approach 

•  Manuscripts: 

1.  Rodriguez  M,  Yu  X,  Chen  J,  and  Songyang  Z.  (2003)  Phosphopeptide  binding 
specificities  of  BRCT  domains.  J  Biol  Chem.  278:  52914-8. 

2.  OConnor  MS,  Safari  A,  Liu  D,  Qin  J,  and  Songyang  Z.  (2004)  The  human  Rapl 
protein  complex  and  modulation  of  telomere  length.  J  Biol.  Chem. 
279(27)  :28585-91. 

3.  Liu  D,  Safari  A,  O'Connor  MS,  Chan  DW,  Laegeler  A,  Qin  J,  Songyang  Z.  (2004) 
PTOP  interacts  with  POT1  and  regulates  POT1  telomeric  localization.  Nat.  Cell 
Biol.  6(7):673-80. 

4.  Liu  D,  O'Connor  MS,  Qin  J,  Songyang  Z.  (2004)  Telosome,  a  mammalian 
telomere-associated  complex  formed  by  multiple  telomeric  proteins.  J  Biol. 
Chem.  279(49):51 338-42. 

5.  Liu,  D.,  Songyang  Z.  Identification  of  DNA-damage  induced  survival  genes  using 
ERM.  Manuscript  in  preparation. 

•  Meeting  abstracts: 

Genetic  Studies  of  Genes  that  Regulate  DNA-damage-induced  Cell  Death.  Era  of 
Hope  2002  DOD  Breast  Cancer  Research  Program  Meeting.  Orlando,  FL.  Sept.  27, 

2002. 


Reportable  Outcomes 

We  have  successfully  utilized  the  ERM  approach  to  identify  genes  that  would  confer 
resistance  to  CDDP  induced  cell  death.  Among  the  genes  identified  are  both  novel  and 
known  factors.  We  have  also  used  a  proteomic  approach  to  identify  factors  in  the  BARD1 
complex. 
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Conclusions 

In  summary,  we  have  improved  and  successfully  utilized  our  genetic  screen  approach  for 
high  efficiency  mutagenesis.  Multiple  clones  have  been  isolated  and  some  of  the  gene  loci 
targeted  by  the  ERM  mutagen  have  also  been  identified.  Furthermore,  we  are  on  our  way  to 
elucidate  how  BARD1  may  affect  cell  survival  through  its  interaction  with  other  factors.  The 
information  obtained  from  our  studies  should  prove  especially  useful  for  the  development  of 
new  and  effective  screening  strategies,  drug  targets,  and  treatment  for  breast  cancer. 
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Protein  phosphorylation  by  protein  kinases  may  gen¬ 
erate  docking  sites  for  other  proteins.  It  thus  allows  the 
assembly  of  signaling  complexes  in  response  to  kinase 
activation.  Several  protein  domains  that  bind  phospho- 
serine  or  phosphothreonine  residues  have  been  identi¬ 
fied,  including  the  14-3-3,  PIN1,  FHA,  K1X,  WD-40  do¬ 
main,  and  polo  box  (Yaffe,  M.  B.,  and  Elia,  A.  E.  (2001) 
Curr.  Opin.  Cell  Biol.  13,  131-138;  Elia,  A.  E.,  Cantley, 
L.  C.,  and  Yaffe,  M.  B.  (2003)  Science  299,  1228-1231).  The 
BRCA1  COOH-terminal  (BRCT)  domains  are  protein 
modules  found  in  many  proteins  that  regulate  DNA  dam¬ 
age  responses  (Koonin,  E.  V.,  Altschul,  S.  F.,  and  Bork,  P. 
(1996)  Nat.  Genet.  13,  266-268).  Whether  BRCT  domains 
can  mediate  phosphorylation-dependent  interactions 
has  not  been  systematically  investigated.  We  report  here 
that  the  BRCT  domains  also  recognize  phosphopeptides. 
Oriented  peptide  library  analysis  indicated  that  the 
BRCT  domains  from  BRCA1,  MDC1,  BARD1,  and  DNA 
Ligase  IV  preferred  distinct  phosphoserine-containing 
peptides.  In  addition,  the  interaction  between  BRCA1 
and  the  BRCT  binding  motif  of  BACH1  was  required  for 
BACH1  checkpoint  activity.  Furthermore,  BRCT  do¬ 
mains  of  the  yeast  DNA  repair  protein  Rad9  could  bind 
phosphopeptides,  suggesting  that  the  BRCT  domains 
represent  a  class  of  ancient  phosphopeptide-binding 
modules.  Potential  targets  of  BRCT  domains  were  iden¬ 
tified  through  data  base  search.  Structural  analysis  of 
BRCA1  BRCT  repeats  also  predicted  conserved  residues 
that  may  form  the  phosphopeptide-binding  pocket. 
Thus,  the  BRCT  repeats  are  a  new  family  of  phosphopep¬ 
tide-binding  domains  in  DNA  damage  responses. 


Originally  identified  as  a  sequence  motif  homologous  to  the 
BRCA1  COOH-terminal  region,  the  BRCT1  domain  is  a  protein 
domain  approximately  90  amino  acids  in  length  (3-6).  It  is  an 
ancient  protein  module  that  can  be  found  in  single  cell  eu¬ 
karyotes  (7).  In  the  human  genome  more  than  30  BRCT- 
containing  proteins  have  been  documented.  Interestingly,  most 
of  the  BRCT  domains  associate  with  proteins  involved  in  DNA 
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repair  and  cell  cycle  checkpoint  response  (5,  6).  The  exact  func¬ 
tion  of  BRCT  domains  is  not  yet  clear;  they  have  been  postulated 
to  mediate  protein-protein  interactions  (7, 8).  Heterodimerization 
between  single  BRCT  domains  ( e.g .  XRCC1  and  DNA  Ligase  III) 
has  been  reported  (9,  10).  In  addition,  BRCT  domains  of  53BP1 
can  interact  with  P53,  while  BRCT  domains  of  BRCA1  bind 
DEAH  family  helicase  BACH1  and  CtBP  interacting  protein 
CTIP  (11-13).  Interestingly,  it  was  shown  that  the  BRCT  do¬ 
mains  might  also  bind  double  stranded  DNA  breaks  (14). 

In  addition  to  heterodimerization  of  BRCT  domains,  emerg¬ 
ing  evidence  suggests  that  BRCT  domains  may  mediate  phos¬ 
phorylation  dependent  interactions.  For  example,  association 
of  the  sixth  BRCT  domain  of  TOPBP1  and  E2F1  was  shown  to 
be  regulated  by  phosphorylation  (15).  Interactions  between 
BRCA1  and  BACH1  depend  on  BACH1  phosphorylation  as  well 
(16).  However,  whether  other  BRCT  domains  can  directly  bind¬ 
ing  to  phosphopeptide  and  what  the  specificities  of  BRCT  do¬ 
mains  are  remain  to  be  determined. 

We  were  particularly  intrigued  by  the  possibility  of  BRCT 
domains  mediating  phosphorylation-dependent  interactions, 
because  protein  phosphorylation  by  protein  kinases  is  known  to 
trigger  the  assembly  of  phosphorylation-dependent  signal  com¬ 
plexes  critical  for  cell  growth  and  survival  (1,  17).  Many  protein 
domains  or  modules  have  evolved  to  mediate  such  activities. 
The  best  examples  are  the  Src  homology  domain  2  and  phos- 
photyrosine-binding  domains  that  recognize  phosphorylated 
sites  by  protein-tyrosine  kinases  in  a  sequence-specific  manner 
(17,  18).  Recently,  several  protein  domains  that  bind  phospho- 
serine  or  phosphothreonine  residues  have  been  identified,  in¬ 
cluding  the  14-3-3,  FHA,  KIX,  PIN1,  WD-40,  and  polo  box  (1,  2). 
Notably,  each  of  these  domains  recognizes  a  subset  of  sub¬ 
strates  phosphorylated  by  different  protein  kinases.  For  in¬ 
stance,  14-3-3  recognizes  sites  that  are  phosphorylated  by  Arg- 
directed  kinase  such  as  Akt/PKB,  while  FHA  domains  bind 
sites  that  are  substrates  of  phosphatidylinositol  3-kinase  fam¬ 
ily  (1).  Given  the  large  number  of  protein  kinases  in  the  human 
genome,  it  has  been  postulated  that  novel  families  of  phos¬ 
phopeptide-binding  domains  that  transmit  signals  from  differ¬ 
ent  protein  kinases  may  exist.  If  BRCT  domains  can  indeed 
bind  phosphopeptides  directly,  it  will  provide  new  insight  about 
how  signaling  complexes  are  regulated  by  DNA  damage.  To 
answer  such  questions,  we  carried  out  experiments  to  study  the 
specificities  of  BRCT  domains  using  oriented  peptide  libraries. 

MATERIALS  AND  METHODS 

BRCT  Domain  Constructs  and  Fusion  Proteins — A  DNA  fragment  encod¬ 
ing  the  human  BRCA1  BRCT  domain  (residues  1599-1863)  was  cloned  into 
the  pGEX-4Tl  vector.  Constructs  of  GST  BRCT  fusions  containing  human 
BARD1  (residues  554—777),  human  MDC1  (residues  2727-3089),  human 
DNA  Ligase  IV  (residues  618-911),  and  Saccharomyces  cerevisiae  RAD9 
(residues  962-1309)  were  cloned  similarly  into  pGEX-4Tl.  GST  fusion  pro¬ 
teins  were  purified  as  described  previously  (19). 

Oriented  Peptide  Library  Analysis — Two  phosphoserine-containing 
peptide  libraries  (X3:  ISRSTpSXXXNK  and  X6:  KAXXXpSXXXAK) 
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were  synthesized  as  described  previously  (19),  where  X  is  any  amino  acids 
except  Cys.  For  library  analysis,  1  mg  of  the  peptide  library  was  incubated 
with  100-300  pg  of  GST  BRCT-agarose  beads.  Then  the  beads  were 
washed  five  times  with  2  ml  of  phosphate-buffered  saline.  The  bound 
peptides  were  eluted  with  30%  acetic  acids,  lyophilized,  and  sequenced  on 
an  ABI 477  peptide  sequencer.  Relative  selectivities  of  amino  acids  at  each 
degenerate  position  were  calculated  as  described  previously  (19). 

SPOT  Peptide  Array  Synthesis  and  Screen — The  BACH1  peptide 
array  was  synthesized  on  cellulose  membrane  using  the  ASP222  SPOT 
robot  (20).  The  parental  peptide  SRSTpSPTFNK  was  scanned  with  19  of 
the  20  amino  acids  (except  Cys),  phosphoserine,  and  phosphothreonine. 
The  array  membrane  was  first  blocked  with  3%  bovine  serum  albumin  in 
TBST  (0.1  M  Tris-HCl,  pH  7.4,  150  mM  NaCl,  0.1%  Tween  20)  for  2  h  at 
room  temperature.  GST-BRCT  of  BRCA1  (3  pg)  was  labeled  with  anti- 
GST-horseradish  peroxidase  (Amersham  Biosciences)  (0.75  pg)  for  30  min 
at  room  temperature.  The  fusion  proteins  were  then  added  to  the  array 
membrane  at  a  final  concentration  of  2  pg/ ml  for  30  min.  The  array 
membrane  was  subsequently  washed  with  TBST  for  10  min  three  times. 
GST-BRCT  bound  peptide  spots  were  visualized  by  ECL. 

Affinity  Measurements  Using  Fluorescence  Polarization — A  FITC- 
labeled  phosphopeptide  with  the  sequence  VDDpSYVFNK  was  first 
synthesized.  For  controls,  an  aliquot  of  this  peptide  was  dephosphoryl- 
ated  with  alkaline  phosphatase.  The  phosphopeptide  or  dephosphoryl- 
ated  peptide  was  incubated  with  different  concentration  of  BRCA1 
GST-BRCT  fusion  proteins  in  a  96-well  plate.  Fluorescence  polarization 
was  measured  on  TECAN  Polarion. 

BACH1  siRNA  and  siRNA-resistant  BACH1 — BACH1  siRNA 
( AGCUUAC C C GU C AC AGCUU dTdT)  was  transfected  into  cells  by  Oli- 
gofectamine  (Invitrogen).  SiRNA-resistant  (silent)  mutants  of  wild-type 
BACH1  and  BACH1  BRCT-binding  mutants  (T989A,  S990A,  or  F993A) 
were  created  by  substituting  four  nucleotides  in  the  BACH1  siRNA  tar¬ 
geting  region  (G69T,  T70A,  C71G,  A72C).  All  BACH1  constructs  were 
cloned  into  the  pCDNA  3.1  His/Myc  vector  (Invitrogen).  Immunoprecipi- 
tation  and  immunoblotting  were  carried  out  as  described  previously  (16). 

G2/M  Checkpoint  Assay — For  assaying  BACH1  activity,  cells  were 
transfected  with  BACH1  mutant  constructs  immediately  after  siRNA 
transfection  with  LipofectAMINE  2000  (Invitrogen).  At  48  h  after 
transfection,  cells  were  exposed  to  10-Gy  y-irradiation,  allowed  to  re¬ 
cover  for  3  h,  and  then  treated  with  nocodazole  (1  pg/ ml)  for  15  h.  Cells 
were  fixed  with  3%  paraformaldehyde  and  stained  with  rabbit  anti- 
phospho-histone  H3  antibody,  followed  by  incubation  with  rhodamine- 
conjugated  secondary  antibody.  Mutant  BACH1  was  stained  with  anti- 
myc  antibody  (9E10),  followed  by  FITC-conjugated  secondary  antibody. 
The  BACH1  mutants  were  expressed  in  —90%  of  the  cells  based  on 
immunofluroscence  microscopy.  The  phospho-histone  H3-positive  stain¬ 
ing  cells  were  examined  by  immunofluroscence  microscopy. 

RESULTS 

The  BRCA1  BRCT  Domains  Recognize  Phosphopeptides  with 
the  Phosphoserine-Aromatic-Hydrophobic-Phe  Motif- — One  of 
the  known  in  vivo  targets  of  BRCA1  is  BACH1,  a  member  of  the 
DEAH  helicase  family  (13).  In  the  course  of  mapping  BRCA1 
and  BACH1  interactions,  we  found  that  tandem  but  not  indi¬ 
vidual  BRCA1  BRCT  domains  directly  bound  BACH1  in  a 
phosphorylation-dependent  manner  (16).  Further  analysis  of 
BRCA1  and  BACH1  interaction  demonstrated  that  BRCA1 
BRCT  domains  specifically  recognize  phosphorylated  Ser990 
(ISRSTS"°PTFNK)  of  BACH1.  These  data  suggested  that  the 
BRCT  domain  may  be  a  phosphopeptide-binding  module. 

To  understand  the  sequence  binding  preference  of  BRCT 
domains,  we  first  examined  the  specificity  of  BRCA1  BRCT 
domain  using  an  oriented  peptide  library  (19).  The  phospho¬ 
serine  containing  peptide  library  X3  (ISRSTpSXXXNK)  was 
synthesized,  based  on  the  sequence  surrounding  residue  Ser990 
of  human  BACH1.  Using  this  phospho-library,  we  found  that 
BRCA1  BRCT  domains  preferred  aromatic  amino  acids  at  the 
P+1  position  and  aromatic/hydrophobic  residues  at  the  P+2 
position  (Fig.  1).  Notably,  at  the  P+3  position  COOH-terminal 
to  the  phosphoserine,  Phe  is  strongly  selected,  indicating  that 
Phe  at  this  position  is  critical  for  recognition  by  the  BRCA1 
BRCT  domains.  Thus,  BRCA1  BRCT  domains  prefer  a  phos- 
phoserine-aromatic-hydrophobic-Phe  motif. 

To  further  examine  the  specificity  of  BRCA1  BRCT  domain 
at  residues  NH2-terminal  to  the  phosphoserine,  the  phospho- 
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Fig.  1.  The  BRCT  repeats  of  BRCA1  recognize  specific  phos- 
phoserine-containing  peptides.  The  binding  specificity  of  BRCA1 
BRCT  domains  was  determined  using  an  oriented  peptide  library 
ISRSTpSXXXNK.  Relative  selections  of  individual  amino  acids  at  posi¬ 
tion  COOH-terminal  to  phosphoserine  (P+1,  +2,  and  +3)  were  shown 
here.  A  value  smaller  than  1  indicates  that  the  amino  acid  is  not 
preferred.  Trp  was  not  included  due  to  peptide  sequencing  problems. 


library  X6  with  the  sequence  KAXXXpSYXXAK  was  used.  As 
shown  in  Table  I,  the  BRCA1  BRCT  domains  preferred  a  [YE]- 
E-  [TV]  -pS-  [YFH]  -  [VTYF]  -  [FY]  motif  with  weak  selection  at  the 
NH2  terminus,  suggesting  that  residues  COOH-terminal  to 
phosphoserine  are  important  for  binding  to  BRCA1  BRCT  do¬ 
mains.  A  BRCA1  BRCT  binding  peptide  (VDDpSYVFNK)  was 
then  synthesized,  and  its  affinity  to  BRCA1  BRCT  domains 
was  measured.  Indeed,  this  peptide  bound  with  an  affinity  of 
162  nM  to  the  BRCA1  BRCT  domains.  In  addition,  such  inter¬ 
action  was  dependent  on  phosphorylation,  as  the  unphospho- 
rylated  control  peptide  failed  to  bind  (Fig.  2A). 

To  further  probe  the  binding  motif  for  BRCA1  BRCT  do¬ 
mains,  we  generated  an  array  of  phosphopeptides  based  on  the 
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Table  I 

The  specificities  of  BRCT  domains 


BRCT  domains 

Selectivity  positions 

-3 

-2  -1 

0 

+1 

+2 

+3 

BRCA1X3  Lib 

pS 

F(5.7) 

V  (2.9) 

F  (10.1) 

Y  (3.0) 

F  (2.3) 

Y  (3.2) 

H  (1.6) 

I  (2.0) 

Y  (1.7) 
H  (1.7) 

BRCA1  X6  Lib 

Y  (1.4) 

E  (1.4)  T  (1.3) 

pS 

Y  (2.6) 

V  (2.2) 

F  (5.1) 

E  (1.3) 

V  (1.3) 

F  (2.3) 

T  (1.5) 

Y  (1.5) 

H  (1.3) 

Y  (1.5) 

F  (1.4) 

MDC1  X3  Lib 

pS 

I  (2.4) 

E  (4.0) 

Y  (5.6) 

P  (1.7) 

V  (2.9) 

F  (2.0) 

V  (1.6) 

D  (2.1) 

E  (1.9) 

F  (1.6) 
Y  (1.3) 

1(1.3) 

I  (1.3) 

BARD1  X3  Lib 

pS 

D  (1.7) 

D  (2.0) 

E  (2.2) 

E  (1.4) 

E  (1.3) 

LIG  IV  X3  Lib 

PS 

Y  (2.6) 

Y  (1.9) 

I  (1.6) 

A  (1.4) 

A  (1.5) 

Y  (1.4) 

D  <  1.4) 
L  (1.3) 

D  (1.3) 

D  (1.4) 

RAD9  X3  Lib 

PS 

Y  (2.2) 

1(1.8) 

I  (2.4) 

L  (1.6) 

Y  (1.5) 

L  (1.4) 

I  (1.5) 

L  (1.5) 
K  (1.3) 

K  (1.4) 

BACH1  peptide  using  the  SPOT  peptide  synthesizer.  Consist¬ 
ent  with  our  finding  that  Phe  at  P+3  is  crucial  for  binding, 
substitution  with  amino  acids  other  than  Phe  at  P+3  abolished 
BRCA1  BRCT  interaction  (Fig.  2 B).  Similarly,  only  j3-branched 
amino  acids  (Thr,  Val,  and  lie)  were  tolerated  at  the  P+2 
position.  This  result  recapitulated  our  oriented  peptide  library 
data  and  again  highlighted  the  importance  of  the  P+3  position 
for  recognition  by  the  BRCA1  BRCT  domain.  The  oriented 
peptide  library  and  SPOT  array  data  collectively  demonstrate 
that  the  BRCT  domains  from  BRCA1  recognize  specific  phos- 
phorylated  sequences  with  the  consensus  motif  phosphoserine- 
aromatic-hydrophobic-Phe  motif. 

The  BRCT -binding  Motif  of  BACH  1  Is  Important  for  BRCAl-de- 
pendent  GgM  Checkpoint  Control — BRCA1/BACH1  interaction  is 
important  for  DNA  damage-induced  checkpoint  control  during  G2 
to  M  cell  cycle  transition  (16).  To  test  whether  the  BRCAl-binding 
motif  of  BACH1  identified  by  in  vitro  studies  is  involved  in  this 
process,  we  used  a  y-ray-induced  G2/M  checkpoint  assay. 

First,  we  constructed  Thr989-to-Ala  (T989A),  Ser"°-to-Ala 
(S990A),  or  Phe993-to-Ala  mutants  of  BACH1.  BACH1  siRNA- 
resistant  forms  of  wild-type  and  mutant  BACH1  were  then 
generated  by  introducing  silent  mutations  in  the  siRNA  target 
region.  All  these  BACH1  proteins  were  expressed  in  HeLa  cells. 
However,  only  wild-type  BACH1  and  the  T989A  mutant,  but 
not  the  S990A  or  F993A  mutant,  were  associated  with  BRCA1 
(Fig.  3A).  This  result  indicates  that  the  BRCA1  binding-motif  of 
BACH1,  especially  P+3  Phe,  is  necessary  for  BRCA1/BACH1 
interaction  in  vivo.  To  explore  the  in  vivo  functional  link  be¬ 
tween  the  BRCT-binding  motif  of  BACH1  and  BRCA1  BRCT 
domains,  HeLa  cells  were  treated  with  BACH1  siRNA  and  then 
transfected  with  siRNA-resistant  BACH1  or  BACH1  mutants. 
BACH1  siRNA  repressed  the  expression  of  endogenous  BACH1 
but  not  exogenous  siRNA-resistant  BACH1  (Fig.  3 B).  Cells 
treated  with  BACH1  siRNA  showed  G2/M  checkpoint  defect 
after  DNA  damage  (Fig.  30.  While  expression  of  wild-type 
BACH1  and  the  T989A  mutant  rescued  the  checkpoint  defect, 
the  S990A  and  F993A  mutants  had  no  effect  (Fig.  3,  D  and  E). 
These  data  further  confirm  P+3  Phe  as  a  key  residue  for 
BRCA1  BRCT  and  BACH1  interaction  and  indicate  that  the 
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Parental  peptide:  SRSTpSPTFNK 

Fig.  2.  BRCA1  BRCT  domains  bind  phosphopeptides  with  the 
phosphoserine-aromatic-hydrophobic-Phe  motif.  A,  fluorescence 
polarization  analysis  of  phosphopeptide  binding  to  BRCA1  BRCT  do¬ 
mains.  FITC-labeled  phosphorylated  VDDpSYVFNK  ( circles )  or  un- 
phosphorylated  VDDSYVFNK  peptide  (squares)  (20  nM)  was  incubated 
with  different  concentrations  of  GST-BRCT  tandem  domains.  Fluores¬ 
cence  polarization  was  then  measured.  B,  amino  acid  scan  of  BACH1 
S990  peptide.  The  parental  BACH1  phosphopeptide  SRSTpSPTFNKA 
and  its  derivatives  were  synthesized  on  cellulose  membrane.  At  each 
position  (P—4  to  P+5),  the  parental  residue  was  substituted  by  one  of 
the  20  amino  acids  (except  Cys),  phosphoserine,  and  phosphothreonine. 
The  membrane  then  was  probed  with  GST-BRCA1  BRCT  domains  and 
anti-GST-horseradish  peroxidase. 

BRCA1  binding-motif  of  BACH1  is  important  for  the  function 
of  BRCA1  BRCT  domain  in  vivo. 

The  Specificities  of  BRCT  Domains  of  MDC1,  BARD1,  and 
Ligase  IV — To  investigate  whether  other  BRCT  domains  can 
also  bind  phosphopeptides,  we  studied  the  specificities  of  sev¬ 
eral  BRCT  domains.  Interestingly,  tandem  BRCT  domains 
from  MDC1,  BARD1,  and  Ligase  IV  specifically  bound  phos¬ 
phopeptides  in  the  X3  library  (Table  I). 

MDC1  is  a  recently  identified  mediator  of  DNA  damage 
responses  (21-26).  MDC1  contains  two  BRCT  repeats  at  its 
carboxyl  terminus.  Using  the  X3  library,  we  found  that  MDC1 
BRCT  domains  selected  a  distinct  set  of  phosphopeptides  com¬ 
pared  with  BRCA1.  Instead  of  Phe,  Tyr  is  the  most  selected 
amino  acid  by  MDC1  at  the  P+3  position  (Table  I).  At  the  P+2 
position,  acidic  residues  Glu  and  Asp  were  selected  in  addition 
to  Val  and  lie.  At  the  P+1  position  hydrophobic  residues  are 
preferred.  Thus,  the  MDC1  BRCT  domains  bind  phosphopep¬ 
tides  with  the  motif  pS-hydrophobic- [EVD I] -[YF]. 

BARD1  is  a  cancer  susceptible  protein  that  is  mutated  in 
families  of  breast  cancer  patients  (27).  BARD1  has  an  NH2- 
terminal  ring  finger  domain  which  heterodimerizes  with 
BRCA1  and  two  COOH-terminal  BRCT  domains  with  un¬ 
known  function  (4).  Oriented  peptide  library  analyses  indicated 
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Fig.  3.TheBRCT-bindingmotifofBACHlisrequiredforBRCAl- 
dependent  G2/M  checkpoint  control.  A,  siRNA  resistant  BACH1 
mutants  were  expressed  in  HeLa  cells.  Immunoprecipitation  and  im- 
munoblotting  were  done  with  anti-BRCAl  or  anti-myc  antibodies  as 
indicated.  B,  HeLa  cells  were  transfected  with  BACH1  siRNA  and 
siRNA-resistant  BACH1  mutants.  Whole  cell  lysates  were  blotted  with 
anti-BACHl  or  anti-actin  antibodies.  C,  G2/M  checkpoint  was  detected 
in  BACH1  siRNA-treated  cells.  Checkpoint  assays  were  described  un¬ 
der  “Material  and  Methods.”  D,  wild-type  and  T989A  of  BACH1  siRNA- 


Table  II 

Potential  targets  of  BRCA1  and  MDC1  BRCT  repeats  in  Swiss-Prot 


Selected  nuclear  targets  are  shown. 


BRCT 

domains 

Searched  motif 

Predicted  targets 

Sequence 

BRCAl 

pS-[FYIVPAKHST]- 

BACHl 

SRSTSPTFNK 

[VT]  -F-[GSTNYRKH] 

BRCAl 

IKESSAVFSK 

Kinesin-like  KIF1B 

DRTPSPTFST 

Protein  Kinase  NIK 

SQEFSPTFSE 

CTIP 

TRVSSPVFGA 

Msh3 

LHSESSVFGQ 

Nuclear  pore 

Nupl53 

SAGSSFVFGT 

repressor  CTCFL 

CRYCSAVFHE 

hTid-l 

RVQKSPVFRR 

NCoA-2 

PRRNSHTFNC 

NCoA-3/SRC-3 

QRQKSHTFNC 

KN  A- binding 
protein  12 

ASFGSPTFSS 

MDC1 

pS-riVFPl-rEDVIl-Y 

HDAC8 

DHPDSIEYGL 

HDAC10 

GLVHSPEYVS 

CENP-C 

KSEESPVYSN 

MDM2 

STSSSIIYSS 

RNA  Polymerease  II 

YSPSSPEYTP 

WRN  helicase 

EFTGSIVYSY 

ERCC-6 

MDGASPDYVL 

Fanconi  anemia 
FACF 

HPALSPVYLG 

GATA-4 

GAASSPVYLP 

KIAA0076 

HMLSSPDYQI 

RAD9 

pS-[YILQP]-I-I 

RADI 

EMMPSYIIMF 

RFC5 

LKSSSPIIKP 

MEC1 

HQLYSQIISN 

PDS5 

LFRASPIIYN 

RAD50 

KVLASI I IRL 

Helicase  MER3 

EKKQSQIIDR 

Helicase  DNA2 

TYSFSI I ICN 

CDC68 

DWTYSPIIQS 

CDC45 

NIFGSQI IQC 

RNA  helicase  DHR1 

TKYSSI I IDE 

SMC2 

ANPSSQIIAR 

that  the  tandem  BRCT  domains  of  BARD  1  specifically  recog¬ 
nize  Asp/Glu  residues  at  the  P+1,  +2,  and  +3  positions  (Table 
I).  The  selection  for  Asp  at  the  P+2  and  Glu  at  the  P+3  seemed 
most  critical  for  BARD1  BRCT  domain  binding.  Thus,  the 
binding  motif  for  BARD1  BRCT  domains  is  pS-[DE]-[DE]-E. 

DNA  Ligase  IV  functions  to  join  single-strand  breaks  in  double- 
stranded  DNA  (28,  29).  It  plays  a  major  role  in  V(D)J  recombina¬ 
tion  and  non-homologous  end  joining.  At  the  COOH  terminus  of 
Ligase  IV  are  two  BRCT  domains.  Different  from  MDC1  and 
BARD1,  Ligase  IV  BRCT  repeats  preferred  to  bind  phosphopep¬ 
tides  with  Tyr  and  lie,  respectively,  at  the  P+1  and  P+3  positions 
(Table  I).  These  results  demonstrated  that  the  BRCT  domains  are 
protein  modules  that  recognize  specific  phosphopeptides. 

S.  cerevisiae  RAD9  BRCT  Domains  Bind  Phosphopeptides — 
The  BRCT  domain  is  an  ancient  structural  fold  that  can  be  traced 
back  to  bacteria.  In  bacteria  and  fungi,  BRCT  domains  are  also 
frequently  found  in  proteins  that  regulate  DNA  damage  re¬ 
sponses.  We  therefore  were  interested  in  determining  if  BRCT 
domains  from  single  cell  eukaryotes  could  bind  phosphopeptides 
as  well.  One  of  the  proteins  we  studied  is  budding  yeast  RAD9, 
which  is  essential  for  cell  cycle  checkpoint  control  (30).  As  shown 
in  Table  I,  the  tandem  BRCT  domains  of  RAD9  preferred  Tyr  at 
the  P+1  position,  and  lie  at  the  P+2  and  P+3  positions.  Thus, 
the  RAD9  BRCT  repeats  recognize  phosphopeptides  with  the 
motif  pS-Y-I-I.  This  result  suggests  that  BRCT  domains  have 


resistant  mutants  rescued  the  G2/M  checkpoint  defect  generated  by 
BACH1  siRNA  but  not  the  S990A  or  F993A  mutant.  E,  the  fraction  of 
M  phase  cells  from  C  and  D  is  expressed  as  a  percentage  of  that 
measured  in  non-irradiated  control  cells. 
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evolved  as  a  phosphopeptide-binding  module  early  in  evolution. 

Prediction  of  Potential  in  Vivo  Targets  of  BRCT  Do¬ 
mains — To  identify  potential  targets  of  BRCT  domains,  we 
performed  pattern  searches  in  Swiss-Prot  using  the  consensus 
motifs  from  our  library  and  SPOT  array  analyses  (Table  II). 
Some  of  the  interesting  predicted  targets  for  BRCA1  include 
BRCA1  itself,  kinesin-like  protein  KIF1B,  mismatch  repair 
protein  Msh3,  Rb-binding  protein  CTIP,  co-repressor  NCoA-2 
and  NCoA-3/SRC-3.  For  MDC1,  histone  deacetylases  HDAC8, 
and  HD  AC  10,  GATA  family  transcription  factors  could  be  po¬ 
tential  targets.  Interestingly,  RNA  polymerase  II  contains  re¬ 
peats  of  the  MDCl-binding  motif.  A  search  of  potential  targets 
of  RAD9  in  budding  yeast  also  found  a  short  list  of  proteins  that 
regulate  DNA  repair  and  cell  cycle.  Notably  these  include 
MEC1,  RADI,  and  RFC  pl40,  which  have  been  shown  to  inter¬ 
act  with  RAD9  genetically  and  biochemically. 

DISCUSSION 

Tandem  Versus  Single  BRCT  Domains — Our  results  have 
shown  that  tandem  BRCT  repeats  can  specifically  recognize 
phosphoserine  containing  peptides,  suggesting  that  the  BRCT 
domain  represents  a  new  class  of  modules  that  mediate  phos¬ 
phorylation  dependent  protein-protein  interactions.  Most 
BRCT  domain-containing  proteins  are  known  to  mediate  DNA 
damage  responses  (5,  6).  These  proteins  are  often  recruited  to 
the  sites  of  DNA  damage,  coinciding  with  the  activation  of 
protein  kinases  such  as  ATM,  ATR,  Chkl,  and  Chk2  (31-33). 
The  identification  of  BRCT  domains  as  phosphopeptide-inter- 
acting  motifs  suggest  that  BRCT  domains  may  facilitate  the 
assembly  of  signaling  complexes  that  sense  the  activation  of 
damage  and  checkpoint  kinases.  In  fact,  numerous  residues  in 
the  BRCA1  BRCT  repeats  are  mutated  in  breast  cancer  cells 
(34,  35).  Some  of  these  mutations  may  disrupt  the  ability  of 
BRCT  domains  to  bind  phosphorylated  cellular  target  and 
therefore  contribute  to  disease  phenotypes. 

There  is  one  notable  difference  between  BRCT  and  other 
phosphopeptide-binding  domains  such  as  Src  homology  domain 
2  and  FHA  domains.  Among  the  BRCT  domains  we  examined 
so  far,  only  tandem  but  not  single  BRCT  domains  bound  a 
sufficient  amount  of  phosphopeptides  from  the  peptide  library. 
It  is  possible  that  inter-BRCT  interactions  is  required  for  phos- 
phopeptide  binding,  or  tandem  BRCTs  function  as  a  unit  to 
bind  phosphopeptides.  In  fact,  structural  studies  have  revealed 
that  tandem  BRCTs  may  have  evolved  from  a  common  ances¬ 
tor,  because  the  linker  structures  between  the  two  BRCT  do¬ 
mains  are  also  conserved  (36).  In  further  support  of  this  idea, 
single  point  mutations  in  either  of  the  two  repeats  in  BRCA1 
can  abolish  its  interaction  with  BACH1  (13).  Our  data,  how¬ 
ever,  do  not  rule  out  that  single  BRCT  domains  can  also  bind 
phosphopeptides.  Interestingly,  single  BRCT  domains  (e.g. 
XRCC1  and  Ligase  III)  have  been  shown  to  form  heterodimers. 
One  intriguing  possibility  may  exist  that  such  heterodimers 
may  function  as  a  phosphopeptide-binding  unit. 

Structural  Insight  into  BRCT  Phosphopeptide  Recognition — 
The  structures  of  several  BRCT  domains  have  been  determined 
(8,  13,  36-38).  These  studies  indicate  that  the  BRCT  domain 
consists  of  four-stranded  parallel  j3  sheets  bundled  by  three  a 
helices.  The  two  BRCT  repeats  of  BRCA1  connected  by  the 
linker  region  are  arranged  in  tandem  (36).  It  is  possible  that 
similar  to  14-3-3  and  FHA,  the  phosphoserine-binding  pocket  of 
BRCT  repeats  may  be  formed  by  conserved  Arg  or  Lys  residues 
(39,  40).  Secondary  structure  comparisons  of  BRCA1  BRCT 
repeats  from  several  different  species  suggested  that  Lys1667, 
Arg1670,  Lys1671,  Lys1724,  Arg1726,  Lys1727,  Arg1737,  Lys1750, 
Arg1751,  Arg1753,  and  Lys1759  on  human  BRCA1  are  highly 
conserved.  In  addition,  positive  charged  residues  are  found  at 
similar  positions  on  BRCT  domains  of  MDC1,  BARD1,  and 


DNA  Ligase  IV.  It  is  interesting  to  note  that  these  Arg/Lys 
residues  are  mainly  located  at  two  regions  of  BRCA1  BRCT 
domains.  One  region  is  on  the  surface  of  BRCT  domain  struc¬ 
ture  formed  by  Lys1667,  Arg1670,  and  Lys1671  located  on  the 
helix  alA,  and  Arg1726  and  Lys1727  located  on  the  loop  between 
a3A  and  «4A.  The  second  region  is  near  the  connecting  linker 
of  the  tandem  BRCTs.  These  regions  may  form  the  phospho¬ 
serine-binding  pocket  of  BRCA1  BRCT  repeats.  In  support  of 
this  model,  mutation  of  several  residues  in  the  second  region  of 
the  BRCA1  BRCT  repeats  significantly  decreased  BACH1 
binding  in  vitro ,  suggesting  that  the  phosphopeptide-binding 
pocket  may  reside  in  this  region  as  well  (36). 
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Proper  maintenance  of  telomere  length  and  structure 
is  necessary  for  normal  proliferation  of  mammalian 
cells.  Mammalian  telomere  length  is  regulated  by  a  num¬ 
ber  of  proteins  including  human  repressor  activator 
protein  (hRapl),  a  known  association  factor  of  TRF2.  To 
further  delineate  hRapl  function  and  its  associated  pro¬ 
teins,  we  affinity-purified  and  identified  the  hRapl  pro¬ 
tein  complex  through  mass  spectrometry  analysis.  In 
addition  to  TRF2,  we  found  DNA  repair  proteins  Rad50, 
Mrell,  PARP1  (poly(ADP-ribose)  polymerase),  and 
Ku86/Ku70  to  be  in  this  telomeric  complex.  We  demon¬ 
strated  by  deletional  analysis  that  Rad-50/Mre-ll  and 
Ku86  were  recruited  to  hRapl  independent  of  TRF2. 
PARP1,  however,  most  likely  interacted  with  hRapl 
through  TRF2.  Interestingly,  knockdown  of  endogenous 
hRapl  expression  by  small  hairpin  interference  RNA 
resulted  in  longer  telomeres.  In  addition,  overexpres¬ 
sion  of  full-length  and  mutant  hRapl  that  lacked  the 
BRCA1  C-terminal  domain  functioned  as  dominant  neg¬ 
atives  and  extended  telomeres.  Deletion  of  a  novel 
linker  domain  of  hRapl  (residues  199-223),  however, 
abolished  the  dominant  negative  effect  of  hRapl  over¬ 
expression.  These  results  indicate  that  hRapl  nega¬ 
tively  regulates  telomere  length  in  vivo  and  suggest  that 
the  linker  region  of  hRapl  may  modulate  the  recruit¬ 
ment  of  negative  regulators  of  telomere  length. 


Telomere-binding  proteins  TRF1  and  TRF2  play  pivotal  roles 
in  telomere  protection  and  maintenance  in  mammalian  cells 
(1-5).  Several  proteins  have  been  shown  to  associate  with 
TRF1  and  TRF2  (3,  5,  6).  Recently,  a  novel  telomere  regulator 
human  repressor  activator  protein  (hRapl)* 1  was  identified  as  a 
protein  that  specifically  interacts  with  TRF2  (7).  hRapl  is  the 
human  homologue  of  yeast  RAP1.  In  yeast,  RAP1  is  a  negative 
regulator  of  telomere  length  as  well  as  a  regulator  of  transcrip¬ 
tion  (for  review,  see  Refs.  8-13).  The  RAP1  mutants  in  Saccha- 
romyces  cerevisiae  (scRAPl)  and  Schizosaccharomyces  pombe 
(spRAPl)  are  defective  in  telomere  length  control  and  telomere 
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position  effects  (14-16).  In  human  cells  overexpression  of 
hRapl  extends  telomeres  (7,  17).  It  has  yet  to  be  fully  deter¬ 
mined,  however,  whether  endogenous  hRapl  is  a  negative  or 
positive  regulator  of  telomere  length. 

scRAPl  contains  two  Myb  domains  and  binds  telomeric  DNA 
(18,  19).  scRAPl  has  been  shown  to  recruit  Rifl,  Rif2,  and  Sir 
proteins  to  regulate  telomere  length,  structure,  and  transcrip¬ 
tional  silencing  (11,  20).  Whether  similar  proteins,  as  found 
with  yeast  RAP1,  are  complexed  with  hRapl  remains  un¬ 
known.  In  contrast,  spRAPl  has  only  one  Myb  domain  and  is 
recruited  to  telomeres  through  Tazl,  a  yeast  homologue  of 
TRF2  (15).  Similar  to  spRAPl,  hRapl  also  contains  a  single 
Myb  domain  without  detectable  DNA  binding  activity  (7,  21). 
In  addition  to  the  Myb  domain,  hRapl  has  three  putative 
protein-protein  interaction  domains;  they  are  a  BRCT  domain, 
a  coiled-coil  domain,  and  a  TRF2  interacting  RCT  domain  (7). 
The  function  of  the  hRapl  BRCT  and  coiled-coil  domains  has 
yet  to  be  described. 

TRF2  has  been  shown  to  associate  with  the  MRN  complex 
(Rad-50,  Mre-11,  and  NBS1)  (22).  In  S.  cerevisiae,  the  MRX 
complex  (equivalent  of  MRN  in  mammals)  has  exonuclease 
activity,  is  a  positive  regulator  of  telomeres,  and  is  responsible 
for  telomere  end  processing  (23-25).  Although  both  scRAPl 
and  the  MRX  complex  localize  to  the  telomere,  the  MRX  com¬ 
plex  does  so  independent  of  scRapl  (24,  25).  It  is  possible  that 
hRapl  may  interact  with  the  mammalian  MRN  components, 
and  this  association  may  be  necessary  for  telomere  length 
control.  Alternatively,  hRapl  and  TRF2  may  recruit  proteins 
other  than  the  MRN  complex  to  modulate  telomere  length. 

To  address  these  questions,  we  undertook  biochemical  ap¬ 
proaches  to  isolate  and  study  protein  complexes  that  are  in¬ 
volved  in  telomere  maintenance.  We  found  several  DNA  repair 
proteins  in  addition  to  TRF2  to  be  in  the  hRapl  complex 
through  affinity  purification  experiments.  Furthermore,  a 
more  detailed  analysis  of  hRapl  via  RNA  interference  (26,  27) 
and  deletion  experiments  suggest  that  hRapl  negatively  mod¬ 
ulates  telomere  length  in  vivo  and  that  multiple  proteins  may 
be  required  for  hRapl  function. 

MATERIALS  AND  METHODS 

Generation  of  Constructs  and  Cell  Lines  of  hRapl  and  Its  Deletion 
Mutants — Full-length  hRapl  was  amplified  from  a  HeLa  cDNA  library 
and  cloned  into  the  pBabe-puro  retroviral  vector.  hRapl  truncations 
were  generated  by  PCR  using  Pfu  Turbo  DNA  polymerase  (Stratagene) 
from  full-length  hRapl  and  cloned  into  the  pBabe  retroviral  vector. 
Constructs  were  named  hRapl  (full-length,  amino  acids  1-399),  AMyb 
(amino  acids  1—132  and  192-399),  ALink  (amino  acids  1-198  and  224- 
399),  ARCT  (amino  acids  1—290,  with  an  N-terminal  nuclear  localiza¬ 
tion  signal  PRRK),  ARAC  (ARCT/ACoil-Coil,  amino  acids  1—227,  with  an 
N-terminal  nuclear  localization  signal  PRRK),  and  ABRCT  (amino  acids 
129-399).  Full-length  and  mutant  hRapl  are  tagged  with  FLAG 
epitopes  at  both  the  N  and  C  termini.  The  retroviral  vectors  were  used 
to  transfect  BOSC23  cells  by  the  calcium  phosphate  method  to  produce 
retroviruses  for  subsequent  infection  of  HeLa  S3,  HT1080,  or  HTC75 
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cells  (28).  To  generate  cells  stably  expressing  hRapl  and  its  mutants, 
human  HeLa  S3  and  HT1080  cells  were  infected  with  the  hRapl  ret¬ 
roviruses.  These  cells  were  selected  with  2  pg/ml  puromycin  after 
infection  for  3  days  to  obtain  cells  stably  expressing  hRapl  and  its 
mutants. 

Preparation  of  Nuclear  Extracts — HeLa  S3  cells  stably  expressing 
FLAG-tagged  hRapl  or  mutants  were  grown  in  suspension  up  to  1  X 
106  cells/ml.  A  total  of  1-6  X  109  cells  were  collected  for  nuclear  extract 
preparation.  Briefly,  cells  were  washed  in  cold  phosphate-buffered  sa¬ 
line  and  hypotonic  buffer  (10  mM  Tris,  pH  7.3,  10  mM  KC1,  1.5  mM 
MgCl2,  0.2  mM  phenylmethylsulfonyl  fluoride  and  10  mM  2-mercapto- 
ethanol),  allowed  to  swell  for  15  min  in  hypotonic  buffer,  and  homoge¬ 
nized  until  cell  membrane  lysis  was  —80%  complete.  Cells  were  resus¬ 
pended  in  low  salt  buffer  (20  mM  KC1,  20  mM  Tris,  pH  7.3,  25%  glycerol, 
1.5  mM  MgCl2,  0.2  mM  EDTA)  and  homogenized  briefly  to  break  the 
nuclear  membrane.  An  equal  volume  of  high  salt  buffer  (1.2  M  KC1,  20 
mM  Tris,  pH  7.3,  25%  glycerol,  1.5  mM  MgCl2,  0.2  mM  EDTA)  was  added 
followed  by  agitation  for  30  min  at  4  °C,  and  the  samples  were  spun 
down  at  20,000  X  g  for  30  min.  The  supernatant  was  dialyzed  in  BC0 
buffer  (20  mM  Tris,  pH  7.3,  20%  glycerol,  0.2  mM  EDTA,  0.2  mM  phen¬ 
ylmethylsulfonyl  fluoride,  and  10  mM  2-mercaptoethanol)  for  3  h  and 
centrifuged  again.  The  cleared  supernatant  was  then  separated  into 
aliquots,  quickly  frozen,  and  stored  at  —80  °C. 

Immunoprecipitation  and  Mass  Spectrometry — For  large  scale  affin¬ 
ity  purification,  —70  mg  of  nuclear  protein  extract  was  thawed  gently 
and  centrifuged  at  100,000  X  g  at  4  °C  to  spin  down  denatured  protein. 
The  supernatant  was  immunoprecipitated  with  100  pi  of  M2  anti- 
FLAG-agarose  beads  (3.3  mg/ml,  Sigma)  for  3  h  at  4  °C.  The  beads  were 
then  washed  4  times  with  NETN  (20  mM  Tris,  pH  8.0,  100  mM  NaCl, 
0.5%  Nonidet  P-40,  and  1  mM  EDTA),  and  the  bound  protein  was  eluted 
twice  with  100  pi  of  200  pg/ml  FLAG  peptide  (DYKDDDDK)  (Sigma)  in 
NETN.  The  eluant  and  bead  fractions  were  boiled  in  SDS  loading 
buffer,  separated  on  a  precast  8—12%  SDS-PAGE  gradient  gel  (Bio- 
Rad),  and  visualized  by  Coomassie  Blue  staining.  Bands  were  excised, 
digested  in  trypsin  and  subjected  to  ion  trap  mass  spectrometry  as 
previously  described  (29).  Peptides  were  identified  using  PROWL 
(prowl.rockefeller.edu). 

For  small  scale  immunoprecipitation  experiments,  1-3  mg  of  nuclear 
extracts  were  incubated  for  2  h  at  4  °C  with  5  pi  of  M2  anti-FLAG- 
agarose  beads  or  10  pg  of  anti-hRapl  antibody  (Bethyl  Laboratories) 
and  15  pi  of  protein  A/G  agarose  beads.  Ethidium  bromide  was  added  to 
a  final  concentration  of  100  pg/ml.  The  beads  were  then  washed  four 
times  with  0.5  ml  NETN,  boiled  in  SDS  loading  buffer,  and  separated  on 
8  or  10%  SDS-PAGE  gels. 

Antibodies  and  Western  Blotting  Analysis — For  Western  analysis, 
immunoprecipitates  and  nuclear  extract  controls  were  separated  by 
SDS-PAGE  and  transferred  to  polyvinylidene  difluoride  membranes. 
The  primary  antibodies  mouse  monoclonal  anti-Rad50  (Gene  Tex,  MS- 
Rad  10-PX1),  anti-FLAG  M2  (Sigma,  F-3165),  mouse  monoclonal  anti- 
TRF2  (Oncogene,  OP129-100UG),  and  goat  anti-PARPl  (Santa  Cruz 
Biotechnology,  sc-1561).  The  secondary  antibodies  included  anti-goat 
horseradish  peroxidase  (Santa  Cruz,  SC-2354),  anti-mouse  horseradish 
peroxidase  (Bio-Rad,  170-6516),  anti-rabbit  horseradish  peroxidase 
(Cell  Signaling).  The  rabbit  polyclonal  anti-hRapl  antibody  (Bethyl 
Laboratories)  was  generated  against  glutathione  S-transferase-tagged 
full-length  hRapl  fusion  protein.  The  anti-hRapl  antibody  was  affinity- 
purified  and  shown  to  be  able  to  Western  blot,  immunoprecipitate,  and 
immuno-stain  endogenous  hRapl  (see  Figs.  2-4). 

Retroviral  Small  Hairpin  Interference  RNA  (shRNA)  Vector  Con¬ 
struction  and  hRapl  Knockdown — The  mouse  U6  (mU6)  RNA  promoter 
(—315  bp)  was  PCR-amplified  using  mouse  32D  cell  genomic  DNA  as 
template.  The  mU6  promoter  was  then  linked  to  EM7-Zeo  (Zeocin 
resistance,  Invitrogen)  flanked  by  BamHI  and  Hindlll  sites  to  generate 
the  mU6-Zeo  cassette.  EM7-Zeo  was  used  as  stuffer  DNA  to  facilitate 
cloning.  To  construct  a  retroviral  vector  (pCL-puro-mU6)  for  expression 
of  shRNA,  the  cytomegalovirus  promoter  was  first  cloned  into  the  5' 
long  terminal  repeat  of  pBabe-puro.  Then  the  BamHI  and  Hindlll  sites 
on  pCL-puro  were  destroyed  before  the  mU6-Zeo  cassette  was  cloned 
between  the  Nhel  and  Xbal  sites  of  the  3'  long  terminal  repeat  region. 
For  the  hRAPl  shRNA  vector,  oligo  1  (GATCTTTgagagccctcctgattttga- 
aTTCAAGAGAttcaaaatcaggagggctctcTTTTTG-GA)  and  oligo  2  (AGCT- 
TCCAAAAAgagagccctcctgattttgaaTCTCTTGAAttcaaaatcaggagggctctc- 
A-AA)  were  annealed  and  ligated  between  the  BamHI  and  Hindlll  sites 
of  pCL-puro-mU6. 

Quantification  of  Telomere  Length — HT1080  and  HTC75  cells  stably 
expressing  hRapl  or  shRNA  constructs  were  passaged  and  harvested  at 
different  population  doubling  time  points  for  DNA  extraction  (DNeasy 
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Fig.  1.  Analysis  of  the  hRapl  complex  by  immunoprecipita¬ 
tion  and  mass  spectrometry.  Nuclear  extracts  of  HeLa  S3  cells 
stably  expressing  FLAG-hRapl  were  collected,  immunoprecipitated 
with  anti-FLAG  conjugated  agarose  beads,  and  eluted  with  the  FLAG 
peptide.  The  eluants  were  subsequently  separated  by  SDS-PAGE,  and 
the  individual  bands  were  identified  by  ion  trap  mass  spectrometry. 


Tissue  Kit,  Qiagen).  Telomere  restriction  fragment  length  analysis  was 
performed  as  described  (2,  30)  using  restriction  enzymes  HinFl  and 
RSA1  (New  England  Biolabs)  and  the  32P-labeled  oligo  probe 
(TTAGGG)3.  Quantification  of  telomere  length  was  performed  using 
ImageQuant  software  (Molecular  Dynamics)  and  TELORUN  (31). 

Immunofluorescence — The  localization  of  telomere-associated  proteins 
was  visualized  through  indirect  immunofluorescence  as  previously  de¬ 
scribed  (7).  Cells  were  grown  overnight  on  coverslips,  permeabilized  in  the 
Triton  X-100  solution  (0.5%  Triton  X-100  in  phosphate-buffered  saline), 
fixed  with  3.7%  paraformaldehyde  in  phosphate-buffered  saline,  and  per¬ 
meabilized  again  in  the  Triton  X-100  solution  containing  300  mM  sucrose. 
The  cells  were  subsequently  blocked  for  1  h  at  37  °C  in  5%  goat  serum, 
stained  with  various  primary  and  fluorescence-conjugated  secondary  anti¬ 
bodies  for  1  h  each  at  37  °C,  and  then  visualized  under  a  Nikon  TE200 
fluorescence  microscope.  Primary  antibodies  used  are  polyclonal  anti-hRapl 
antibody  (Bethyl  Laboratories),  polyclonal  anti-FLAG  antibody  (Sigma),  and 
monoclonal  anti-TRF2  antibody  (Oncogene  Science).  Secondary  antibodies 
are  Alexfluo  488-conjugated  goat  anti-mouse  antibody  (Molecular  Probes) 
and  Texas  Red  goat  anti-rabbit  antibody  (Rockland). 

RESULTS 

Identification  of  the  hRapl  Protein  Complex — To  identify  the 
hRapl  complex,  an  affinity  purification  method  was  utilized 
(see  “Material  and  Methods”).  HeLa  S3  cells  stably  expressing 
FLAG-tagged  hRapl  were  first  generated.  Similar  to  endoge¬ 
nous  hRapl,  FLAG-hRapl  remained  co-localized  with  endoge¬ 
nous  TRF2  in  these  cells  (see  Fig.  5 B),  suggesting  that  FLAG- 
tagged  hRapl  was  targeted  to  the  telomeres  in  the  same 
fashion  as  endogenous  hRapl  (7).  Nuclear  proteins  were  then 
extracted  from  these  cells  and  immunoprecipitated  with  an 
anti-FLAG  antibody  that  was  conjugated  to  agarose  beads.  The 
precipitated  proteins  were  eluted  with  FLAG  peptides  and 
separated  by  SDS-PAGE  (Fig.  1).  Distinct  bands  (compared 
with  uneluted  fractions)  were  subsequently  excised,  trypsin- 
digested,  and  sequenced  by  mass  spectrometry. 

We  found  hRapl  to  co-purify  with  TRF2  ( band  6)  (Fig.  1  and 
Table  I),  in  agreement  with  previous  findings  that  hRapl  as¬ 
sociates  with  TRF2  (7).  In  addition,  Rad50  ( band  1)  and  Mrell 
{band  4)  were  detected.  Both  Rad50  and  Mrell  are  subunits  of 
the  MRN  complex,  which  has  been  shown  to  interact  with 
TRF2  (22).  NBS1,  the  other  subunit  of  the  MRN  complex,  was 
not  detected  in  our  large  scale  immunoprecipitation  experi- 
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Table  I 

Peptide  sequences  of  the  hRapl  complex  identified  by 
mass  spectrometry 


Band 

Protein 

Peptides 

i 

Rad50 

QKFDEIFSATR 

YELQQLEGSSDR 

2 

PARPl 

KPPLLNNADSVQAK 

3 

Ku86 

HLMLPDFDLLEDIESK 

4 

Mrell 

GNDTFVTLDEILR 

VDYSGGFEPFSVLR 

5 

Ku70 

SDSFENPVLQQHFR 

6 

TRF2 

DIMQALLVRPLGK 

DLVLPTQALPASPALK 

TLSGAQDSEAA 

WTVEESEWVK 

7 

hRapl 

FNLDLSTVTQAFLK 

IAFTDADDVAILTYVK 

PGALAEGAAEPEPQR 

NSGELEATSAFLASGQR 

YLLGDAPVSPSSQK 

DDGSSMSFYVRPSPAK 

SSLTQHSWQSLKDR 

ments  of  hRapl.  NBS1  has  been  shown,  however,  to  associate 
with  TRF2  only  in  S-phase  (22). 

Interestingly,  a  number  of  proteins  involved  in  DNA  damage 
repair  were  also  found  to  co-purify  with  hRapl.  The  pllO  band 
(i band  2 )  turned  out  to  be  poly(ADP-ribose)  polymerase 
(PARP1)  (32).  Two  other  PARPs,  namely  tankyrase  1  and  2, 
interact  with  TRF1  and  are  known  regulators  of  telomere 
length  in  mammalian  cells  (10,  33-36).  Two  additional  DNA 
damage  repair  proteins  found  in  the  hRapl  complex  are  Ku86 
and  Ku70  (bands  3  and  5).  These  two  proteins  heterodimerize 
and  are  required  for  double-strand  DNA  break  repair  (37). 
Previous  studies  have  found  that  Ku70  and  Ku86  associate 
with  telomeres  (38-40).  Our  data  suggest  that  the  Ku70/86 
heterodimer  may  be  alternatively  recruited  to  the  telomeres 
through  its  interaction  with  the  hRapl  complex. 

Endogenous  hRapl  Associates  with  Ku86  and  Rad50 — We 
next  examined  the  interaction  between  endogenous  hRapl  and 
the  proteins  identified  in  the  hRapl  complex  through  immuno- 
precipitation  experiments  with  anti-hRapl  and  anti-TRF2  an¬ 
tibodies.  Ethidium  bromide  was  added  in  the  reactions  to  rule 
out  the  possibility  that  some  proteins  might  associate  with 
hRapl  through  double-stranded  DNA.  As  shown  in  Fig.  2, 
immunoprecipitation  of  endogenous  hRapl  from  HeLa  cell  nu¬ 
clear  extracts  was  able  to  specifically  pull  down  TRF2,  Ku86, 
Rad50,  and  hRapl.  Similarly,  hRapl,  Ku86,  and  Rad50  were 
also  detected  in  the  immunoprecipitates  of  endogenous  TRF2. 
This  result  suggests  that  hRapl  as  well  as  TRF2  interacts  with 
Ku86  and  the  MRN  complex  in  vivo. 

Structural  Organization  of  the  hRapl  Protein  Complex — To 
delineate  how  different  regions  of  the  hRapl  protein  may  in¬ 
teract  with  other  proteins  in  the  hRapl  complex,  FLAG-tagged 
hRapl  deletion  mutants  lacking  each  of  the  four  predicted 
domains  or  the  linker  region  between  the  Myb  and  coil-coil 
domains  were  constructed  (Fig.  3A).  HeLa  S3  cells  that  stably 
expressed  these  mutants  were  then  generated.  The  expression 
levels  of  hRapl  mutants  were  about  1-5-fold  of  the  endogenous 
protein  (Fig.  3D).  The  different  hRapl  mutant  proteins  were 
subsequently  immunoprecipitated  using  the  anti-FLAG  anti¬ 
body,  and  their  associations  with  TRF2  and  Rad50  were  ana¬ 
lyzed.  As  shown  in  Fig.  3 B,  hRapl  mutants  lacking  the  RCT 
domain  (ARCT)  or  both  the  coiled-coil  and  RCT  domains 
(ARAC)  failed  to  immunoprecipitate  TRF2.  These  results  sug¬ 
gest  that  the  hRapl  RCT  domain  mediates  hRapl  association 
with  TRF2  in  vivo.  This  is  consistent  with  previous  findings 
that  the  hRapl  RCT  domain  could  bind  TRF2  through  yeast- 
two-hybrid  studies  (7). 


Anti-Rad50 


Anti-Ku86 


Anti-TRF2 


Anti-hRapl 

Fig.  2.  Endogenous  hRapl  co-immunoprecipitated  with  pro¬ 
teins  identified  by  mass  spectrometry.  Endogenous  hRapl  or  TRF2 
was  immunoprecipitated  using  HeLa  S3  cell  nuclear  extracts  with  a 
polyclonal  antibody  against  hRapl  (Rapl  IP),  a  monoclonal  antibody 
against  TRF2  (TRF2  IP),  or  an  anti-FLAG  antibody  ( Ctrl  IP).  Immuno- 
precipitations  were  carried  out  in  the  presence  (  +  )  or  absence  (— )  of  100 
pg/ml  ethidium  bromide  (EB).  The  precipitates  were  separated  by  SDS- 
PAGE,  blotted,  and  probed  with  antibodies  against  hRapl,  TRF2,  Ku86, 
and  Rad50. 

We  showed  above  that  members  of  the  MRN  complex  can 
associate  with  hRapl  in  vivo.  This  interaction  may  occur 
through  TRF2,  as  previously  hypothesized  (6).  If  this  is  the 
case,  the  hRapl  ARCT  mutants  that  have  lost  the  TRF2  bind¬ 
ing  abilities  should  fail  to  bind  the  MRN  complex.  To  our 
surprise,  both  the  ARCT  and  ARAC  hRapl  mutants  still  re¬ 
tained  their  binding  activity  with  Rad50  and  Mrell  (Fig.  3 B). 
In  fact,  none  of  the  mutations  tested  ablated  or  diminished  the 
association  of  hRapl  with  members  of  the  MRN  complex.  In¬ 
terestingly,  Ku86  association  was  not  abolished  among  the 
Rapl  mutants  (Fig.  3JB),  albeit  a  reduction  of  Ku86  association 
was  detected  for  two  of  the  hRapl  mutants  (AMyb  and 
ABRCT).  Because  the  interactions  between  hRapl  and  Rad50/ 
Mrell  or  Ku86  were  maintained  even  in  mutants  that  failed  to 
bind  TRF2,  it  is  therefore  likely  that  hRapl  can  recruit  Rad50, 
Mrell,  and  Ku86  independent  of  TRF2.  It  also  suggests  that 
multiple  domains  of  hRapl  may  be  involved  in  binding  of  these 
proteins. 

We  next  examined  the  interaction  of  PARP1  with  the  various 
hRapl  mutants.  In  contrast  to  the  proteins  examined  above, 
PARP1  no  longer  co-purified  with  the  hRapl  ARCT  mutant 
(Fig.  3C).  This  was  not  the  case,  however,  for  the  hRapl  AMyb, 
ALink  (Fig.  30,  and  ABRCT  mutants  (data  not  shown).  There¬ 
fore,  PARP1  likely  binds  hRapl  either  directly  to  the  RCT 
domain  or  indirectly  through  TRF2. 

hRapl  Negatively  Regulates  Telomere  Length — Overexpres¬ 
sion  of  full-length  hRapl  was  shown  to  extend  telomeres  in 
HT1080-derived  HTC75  cells  (7,  17).  Whether  endogenous 
hRapl  is  a  positive  or  negative  regulator  of  telomere  length, 
however,  remains  unknown.  In  addition,  if  hRapl  does  regu¬ 
late  telomere  length  in  vivo,  which  protein(s)  may  be  necessary 
for  such  activity  remains  to  be  determined.  To  address  the  role 
of  hRapl  in  telomere  length  control,  we  first  generated  HTC75 
cells  in  which  hRapl  levels  were  stably  reduced  using  shRNA 
(26,  27,  41).  Western  blot  analyses  indicated  that  endogenous 
hRapl  levels  decreased  significantly  (50.0  ±  10.0%)  in  hRapl 
shRNA  cells  (Fig.  4A).  This  inhibition  of  hRapl  expression  was 
sustained  for  weeks,  allowing  for  relatively  long  term  studies  of 
telomere  length  in  these  cells.  We  then  compared  the  telomere 
length  of  these  hRapl  knockdown  cells  to  that  of  control  cells  at 
different  cell  passages.  As  shown  in  Fig.  4 B,  knockdown  of 
hRapl  resulted  in  detectable  extension  of  telomeres  (—500  bp) 
as  early  as  population  doubling  10.  This  finding  not  only  im- 
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Fig.  3.  Deletional  analysis  of  the  interaction  of  the  hRapl 
complex.  A,  a  schematic  representation  of  various  hRapl  deletion 
mutant  constructs.  Each  construct  was  FLAG-tagged  (see  “Materials 
and  Methods”  for  details).  L  stands  for  the  linker  region.  B,  nuclear 
extracts  of  HeLa  S3  cells  stably  expressing  full-length  and  mutant 
hRapl  were  collected.  The  nuclear  extracts  were  then  immunoprecipi- 
tated  with  an  anti-FLAG  antibody  followed  by  SDS-PAGE  and  Western 
blotting  with  anti-Rad50,  anti-Ku86,  anti-TRF2,  and  anti-FLAG  anti¬ 
bodies.  C,  similarly,  FLAG-tagged  hRapl  mutants  were  immunopre- 
cipitated  with  an  anti-FLAG  antibody  and  blotted  with  anti-PARPl  and 
anti-FLAG  antibodies.  D,  Western  blot  of  endogenous  and  hRapl  mu¬ 
tant  constructs.  The  blot  was  probed  with  a  polyclonal  antibody  against 
hRapl,  which  recognizes  both  endogenous  hRapl  and  FLAG-tagged 
constructs  (in  C). 


plicates  hRapl  in  negatively  regulating  telomere  length  but 
also  suggests  that  this  activity  is  evolutionarily  conserved  from 
yeast  to  human. 

Telomeric  Localization  of  hRapl  Mutants  and  Their  Modu¬ 
lation  of  Telomere  Length — We  have  thus  far  shown  that  hRapl 
can  bind  TRF2,  PARP1,  Ku86,  and  the  MRN  complex.  To 
determine  which  of  these  proteins  may  be  responsible  for 
hRapl  activity,  we  tested  how  the  expression  of  hRapl  and 


various  hRapl  mutant  constructs  (Fig.  3A)  might  influence 
hRapl  localization  and  telomere  length.  Both  full-length  and 
mutant  hRapl  proteins  were  well  expressed  in  the  HT1080 
cells.  The  subcellular  localization  of  the  various  Rapl  proteins 
was  then  determined.  Consistent  with  previous  findings  (7), 
endogenous  hRapl  (red)  exhibited  a  punctate  pattern  and  co¬ 
stained  with  endogenous  TRF2  (green )  (Fig.  5A).  Similar  re¬ 
sults  were  obtained  in  cells  stably  expressing  the  FLAG-tagged 
ABRCT  mutant  (Fig.  5 C),  indicating  that  the  hRapl  ABRCT 
mutant  can  co-localize  with  endogenous  TRF2.  However,  al¬ 
though  the  ARCT  mutant  also  exhibited  a  punctate  pattern,  it 
did  not  co-stain  with  TRF2  (Fig.  5 D).  These  observations  sup¬ 
port  the  model  that  the  RCT  domain  is  critical  for  hRapl  and 
TRF2  interaction  and  telomere  association.  Genomic  DNA  was 
extracted  from  these  stable  cells  at  different  passages,  and 
their  telomere  length  was  compared  using  the  telomere  restric¬ 
tion  fragment  assay. 

Because  the  mutants  differed  in  their  localization  and  ability 
to  bind  TRF2,  we  expected  to  see  differences  in  their  effects  on 
telomere  length.  Indeed,  results  from  independent  experiments 
indicated  that  the  mutants  extended  telomere  length  to  various 
degrees  over  generations  (Fig.  6  and  data  not  shown).  Notably, 
the  ABRCT  mutant  cells  had  consistently  longer  telomeres  at 
late  passages  than  other  mutants.  ABRCT  telomere  length  was 
significantly  longer  than  control  (at  PD70,  p  =  0.049).  Full- 
length  hRapl  overexpression  also  extended  telomeres  signifi¬ 
cantly  (at  PD70,  p  =  0.012).  These  results  are  in  agreement 
with  a  recent  report  from  Dr.  de  Lange’s  group  (17).  Because 
hRapl  RNA  interference  resulted  in  longer  telomeres  (Fig.  4), 
the  hRapl  deletion  mutants  might  function  as  dominant  neg¬ 
atives  to  extend  telomere  length.  Interestingly,  the  RCT  dele¬ 
tion  mutant  (ARCT)  had  a  much  weaker  telomere  extension 
phenotype  compared  with  full-length  hRapl  (at  PD70,  5.7  ver¬ 
sus  7.2  kilobases,  p  =  0.004).  Therefore,  it  suggests  that  the 
RCT  domain  may  be  necessary  for  the  efficient  inhibition  of 
endogenous  hRapl  function  by  overexpressed  hRapl  mutants. 
Taken  together  with  our  immunoprecipitation  results  (Figs. 
1-3),  these  data  point  to  a  model  in  which  overexpression  of 
hRapl  mutants  might  block  proper  telomeric  access  of  signal¬ 
ing  components  that  negatively  regulate  telomere  length.  In 
addition,  the  RCT-TRF2  interaction  may  be  important  for 
telomere  length  regulation  of  hRapl. 

The  Linker  Region  May  Be  Required  for  the  Dominant  Neg¬ 
ative  Effect  of  hRapl — The  hRapl  mutants  tested  thus  far  all 
resulted  in  dominant  negative  phenotypes.  Upon  close  exami¬ 
nation,  we  found  a  small  linker  region  situated  between  the 
Myb  and  coiled-coil  domains  that  had  been  retained  in  all  the 
mutants  (Fig.  3A).  We  reasoned  that  this  linker  region  might 
participate  in  recruiting  the  putative  negative  regulator(s).  To 
test  this  possibility,  we  generated  HT1080  cells  expressing  the 
hRapl  mutant  with  the  linker  region  deleted  (ALink)  (Fig.  3A) 
and  found  this  mutant  to  co-localize  with  TRF2  (Fig.  5 E).  In 
addition,  binding  of  Rad50,  Ku86,  and  TRF2  was  not  disrupted 
by  the  linker  deletion  (Fig.  3 B).  In  contrast  to  full-length 
hRapl,  however,  expression  of  this  mutant  in  HT1080  cells  no 
longer  lengthened  telomeres  (Fig.  6).  This  intriguing  finding 
suggested  that  the  linker  domain  of  hRapl  might  be  necessary 
for  hRapl  to  negatively  regulate  telomere  length.  Because  the 
ALink  mutant  still  has  an  intact  RCT  domain  and  binds  TRF2, 
its  failure  in  telomere  extension  is  likely  caused  by  a  mecha¬ 
nism  other  than  RCT-TRF2  interaction.  In  an  effort  to  under¬ 
stand  the  mechanism  of  the  ALink  affect  on  telomere  length, 
we  counted  ALink  and  TRF2  foci  in  our  immunofluoresence 
experiments.  ALink  co-localization  with  TRF2  was  similar  to 
that  of  full-length  hRapl  (42  versus  41%).  The  slightly  low  level 
of  total  co-localization  is  likely  due  to  and  normally  observed  in 
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Fig.  4.  hRapl  negatively  regulates 
telomere  length.  A,  endogenous  hRapl 
in  HTC75  cells  was  knocked  down  with  a 
retroviral  vector  encoding  a  shRNA 
against  hRapl.  A  polyclonal  anti-hRapl 
antibody  was  used  to  Western  blot  for 
hRapl  expression.  Densitometric  analy¬ 
sis  was  performed  to  determine  the  differ¬ 
ence  in  hRapl  expression  (average  knock¬ 
down  was  50  ±  10%  (S.E.)).  An  anti-GRB2 
Western  blot  was  used  as  loading  control 
and  for  normalization.  B,  telomere  re¬ 
striction  fragment  length  analysis  of 
hRapl  knockdown  cells.  Error  bars  indi¬ 
cate  the  range  of  two  different  experi¬ 
ments.  Mock  and  hRapl  shRNA  cells 
were  collected  over  generations.  Non-telo- 
meric  genomic  DNA  was  digested  with 
HinFl  and  RSA1,  and  the  remaining  te- 
lomeric  DNA  was  separated  on  a  0.6% 
agarose  gel  and  transferred  to  Nylon 
membranes.  Southern  blotting  was  per¬ 
formed,  and  the  average  size  of  telomeres 
was  determined  using  ImageQuant  soft¬ 
ware  and  TELORUN.  kb,  kilobases.  PD, 
population  doublings. 
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exogenously  expressed  protein.  We  did,  however,  detect  a  sig¬ 
nificant  difference  in  the  total  number  of  observable  TRF2  foci 
in  ALink  cells  and  full-length  hRapl  cells  (17.0  versus  22.8  foci 
per  cell  focus  plane,  p  <  0.0001).  This  may  reflect  shorter 
telomere  length  in  the  ALink  mutant  cells.  Alternatively,  the 
ALink  mutant  may  alter  TRF2  telomere  localization. 

DISCUSSION 

We  have  shown  that  hRapl  interacts  with  multiple  proteins 
that  are  involved  in  DNA  damage  response  pathways,  includ¬ 
ing  Rad50,  Mrell,  Ku70/86,  and  PARP1.  Both  the  MRN  and 
Ku70/86  complexes  are  known  to  regulate  double-stranded 
DNA  break  repair  and  homologous  recombination  (42-44), 
whereas  PARP1  modulates  chromatin  structure  in  response  to 
stress  (45).  Although  the  exact  role  of  these  DNA-damage- 
response  proteins  at  mammalian  telomeres  remains  to  be  de¬ 
termined,  genetic  experiments  in  yeast  and  Arabidopsis  thali- 
ana  have  linked  them  to  telomere  length  control  (46-51). 
Recent  studies  also  indicate  that  TRF2  is  necessary  to  main¬ 
tain  telomere  state  and  genome  stability  (4,  52).  Thus,  hRapl 


together  with  TRF2  may  function  to  recruit  the  DNA  damage 
response  proteins  for  telomere  maintenance. 

Our  data  suggest  that  hRapl  can  associate  with  MRN  and 
Ku70/86  independent  of  TRF2.  It  is  important  to  note  that  none 
of  our  mutants  abolished  MRN  or  Ku70/86  interaction  with 
hRapl.  Therefore,  the  MRN  and  Ku  complexes  may  interact 
with  multiple  domains  of  hRapl  (e.g.  with  both  the  RCT  do¬ 
main  and  the  BRCT  domain  or  the  coiled-coil  domain  and  the 
BRCT  domain). 

Our  results  also  support  the  hypothesis  that  hRapl  has  an 
evolutionarily  conserved  role  in  telomere  length  regulation; 
specifically,  hRapl  is  a  negative  regulator  of  telomere  length 
because  inhibition  of  hRapl  by  RNA  interference  resulted  in 
longer  telomeres.  These  findings  are  in  agreement  with  studies 
in  yeast  where  null  mutations  of  Rapl  and  Tazl  (a  TRF2 
ortholog)  resulted  in  aberrant  telomere  elongation  (8,  15,  16). 

We  were  particularly  intrigued  by  the  fact  that  full-length 
hRapl,  and  several  of  the  hRapl  mutants  we  tested  lengthened 
telomeres.  It  is  likely  that  exogenously  expressed  hRapl  acts  as 
a  dominant  negative.  Expression  of  these  mutant  proteins  may 
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Fig.  5.  Telomeric  localization  of  the 
hRapl  deletion  mutants.  A,  localiza¬ 
tion  of  endogenous  hRapl.  B,  FLAG- 
hRapl.  C,  hRaplABRCT.  D,  hRaplARCT. 
E,  hRapl ALink  was  examined  by  immu¬ 
nofluorescence  with  anti-hRapl  or  anti- 
FLAG  (red)  and  anti-TRF2  (green)  anti¬ 
bodies.  4,6-Diamidino-2-phenylindole  was 
used  to  visualize  nuclear  DNA  (blue),  kb, 
kilobases. 
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Fig.  6.  hRapl  mutants  differen¬ 
tially  affect  telomere  length.  Mock 
HT1080  cells  and  those  expressing  full- 
length  hRapl,  ABRCT,  and  ALink  mu¬ 
tants  were  passaged  over  70  generations, 
and  their  genomic  DNA  was  collected  for 
telomere  restriction  fragment  length 
analysis  to  determine  telomere  length 
(see  “Materials  and  Methods”).  Error  bars 
indicate  S.E.  from  three  different  experi¬ 
ments.  PD,  population  doublings. 
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prevent  the  association  of  protein(s)  that  normally  controls 
telomere  length  with  endogenous  hRapl.  TRF2  may  play  an 
important  role  in  this  process;  for  example,  heterodimerization 
of  TRF2  and  hRapl  may  be  required  for  normal  hRapl  func¬ 
tion.  The  inability  of  the  ARCT  hRapl  mutants  to  greatly 
extend  telomere  length  is  likely  due  to  the  fact  that  they  do  not 
bind  TRF2  and,  therefore,  titrate  fewer  factors  away  from  the 
telomere.  The  hRapl  mutants  that  contain  the  RCT  domain 
may  be  in  such  excess  as  to  be  competing  for  endogenous  TRF2 
binding.  Our  data  that  the  RCT  deletion  mutant  were  not  as 
potent  as  RCT-containing  hRapl  mutants  in  telomere  elonga¬ 
tion  supported  this  notion.  Such  a  dominant  negative  titration 
model  of  hRapl  overexpression  would  suggest  that  the  negative 
regulators  of  telomere  length  are  segregated  away  from  the 
telomeres. 

Deletion  analyses  suggested  that  the  linker  region  of  hRapl 
protein  may  modulate  recruitment  of  putative  regulators  of 
telomere  length,  given  that  the  ALink  mutant  lacking  this 
region  was  incapable  of  extending  telomeres.  There  is  the  pos¬ 
sibility  that  deletion  of  the  linker  domain  might  have  affected 
the  folding  of  hRapl.  However,  the  ALink  protein  expressed 
well,  maintained  its  association  with  components  of  the  hRapl 
complex,  and  was  targeted  to  the  telomeres.  The  fact  that  the 
ALink  mutant  seems  to  reduce  the  number  of  TRF2  foci  in  cells 
suggests  that,  while  it  is  able  to  interact  with  TRF2  (Fig.  3 B), 
it  may  disrupt  TRF2  interaction  with  the  telomere,  leading  to 
reduction  in  average  telomere  length.  It  is  also  possible  that 
the  linker  domain  may  be  involved  in  or  regulate  the  recruit¬ 
ment  of  unidentified  negative  regulators  of  telomere  length. 

Interestingly,  deletion  of  the  BRCT  domain  had  a  greater 
impact  on  telomere  elongation  than  other  mutants  (17).  BRCT 
domains  are  found  in  many  of  the  proteins  involved  in  DNA 
damage  response  pathways  (53).  Recently,  we  demonstrated 
that  BRCT  domains  mediate  phosphorylation-dependent  pro¬ 
tein-protein  interactions  (54).  It  is,  therefore,  also  possible  that 
hRapl  may  recruit  a  regulator  of  telomere  length  through  its 
BRCT  domain. 

What  are  the  negative  regulators  recruited  by  hRapl?  We 
showed  here  that  the  MRN  and  Ku70/86  complex  associated 
with  hRapl  directly  or  indirectly,  suggesting  that  the  MRN  and 
Ku70/86  complex  may  be  part  of  the  hRapl  binding  factor(s) 
that  modulates  telomere  length  in  human  cells.  In  further 
support  of  this  model,  the  Ku70/86  complex  has  been  shown  to 
be  involved  in  double-stranded  DNA  break  repair  and  telomere 
length  maintenance  (47-51,  55).  In  yeast  and  A.  thaliana,  Ku 
mutants  extended  telomeres  (48-50).  Furthermore,  the  MRN 
complex  can  regulate  telomere  length  in  a  Ku-dependent  man¬ 
ner  in  S.  cerevisiae  (47).  Ku70  and  TRF2  have  been  reported  to 
directly  interact  with  each  other  through  yeast  two  hybrid  and 
in  vitro  binding  experiments  (39).  Ku  has  also  been  proposed  to 
be  a  direct  regulator  of  human  telomerase  (56).  hRapl/TRF2 
may,  therefore,  indirectly  regulate  telomerase  by  either  re¬ 
cruitment  or  regulation  of  Ku.  A  reduction  of  Ku86  association 
was  detected  for  the  AMyb  and  ABRCT  Rapl  mutants,  concur¬ 
rent  with  the  telomere-lengthening  phenotype.  However,  we 
found  that  wild  type  hRapl  but  not  the  ALink  mutant  extended 
telomeres  yet  still  bound  both  Rad50  and  Ku86.  This  implies 
that  the  Ku70/86  complex  may  not  be  the  sole  negative  factors 
recruited  by  hRapl.  It  is  possible  that  the  linker  domain  may 
bind  an  unknown  factor,  which  in  turn  regulates  the  activity  of 
telomeric  Ku70/86  complexes. 
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In  mammalian  cells,  telomere-binding  proteins  TRF1 
and  TRF2  play  crucial  roles  in  telomere  biology.  They 
interact  with  several  other  telomere  regulators  includ¬ 
ing  TIN2,  PTOP,  POT1,  and  RAP1  to  ensure  proper 
maintenance  of  telomeres.  TRF1  and  TRF2  are  believed 
to  exert  distinct  functions.  TRF1  forms  a  complex  with 
TIN2,  PTOP,  and  POT1  and  regulates  telomere  length, 
whereas  TRF2  mediates  t-loop  formation  and  end  pro¬ 
tection.  However,  whether  cross-talk  occurs  between 
the  TRF1  and  TRF2  complexes  and  how  the  signals  from 
these  complexes  are  integrated  for  telomere  mainte¬ 
nance  remain  to  be  elucidated.  Through  gel  filtration 
and  co-immunoprecipitation  experiments,  we  found 
that  TRF1  and  TRF2  are  in  fact  subunits  of  a  telomere- 
associated  high  molecular  weight  complex  (telosome) 
that  also  contains  POT1,  PTOP,  RAP1,  and  TIN2.  We 
demonstrated  that  the  TRFl-interacting  protein  TIN2 
binds  TRF2  directly  and  in  vivo,  thereby  bridging  TRF2 
to  TRF1.  Consistent  with  this  multi-protein  telosome 
model,  stripping  TRF1  off  the  telomeres  by  expressing 
tankyrase  reduced  telomere  recruitment  of  not  only 
TIN2  but  also  TRF2.  These  results  help  to  unify  previous 
observations  and  suggest  that  telomere  maintenance  de¬ 
pends  on  the  multi-subunit  telosome. 


The  homeostasis  of  mammalian  telomeres  is  regulated  by  a 
number  of  telomere-associated  proteins.  Among  these  proteins, 
TRF1  and  TRF2  directly  bind  double-stranded  telomere  DNA 
and  interact  with  a  number  of  proteins  to  maintain  telomere 
length  and  structure  (1,  2).  It  has  been  shown  that  the  amount 
of  telomere-bound  TRF1  correlates  with  telomere  length.  Over¬ 
expression  of  TRF1  shortened  telomeres  in  human  cells, 
whereas  dominant  negative  TRF1  led  to  elongated  telomeres 
(3-5).  TRF1  may  control  the  length  of  telomere  repeats  through 
multiple  mechanisms.  For  example,  TRF1  can  control  telomer- 
ase  access  through  its  interaction  with  TIN2,  PTOP/PIP1,  and 
the  single-stranded  telomere  DNA-binding  protein  POT1  (6- 
8).  TRF1  may  also  regulate  telomerase  activity  through  its 
interaction  with  PINX1  (9).  In  comparison,  TRF2  has  an  essen¬ 
tial  role  in  telomere  end  protection  and  t-loop  formation  (1,  10, 
11).  Interference  of  endogenous  TRF2  activity  by  expressing 
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dominant  negative  forms  of  TRF2  markedly  increased  the  rate 
of  telomere  end-to-end  fusions  (12).  Consistent  with  this  role  of 
TRF2,  TRF2  forms  a  complex  with  RAP1  and  associates  with 
several  proteins  involved  in  DNA  damage  and  repair  re¬ 
sponses,  notably  RAD50/MER11/NBS1,  Ku86,  and  ERCC1/ 
XPF  (13-15).  These  findings  have  pointed  to  distinct  biological 
functions  of  TRF1  and  TRF2.  Some  recent  findings,  however, 
suggest  a  more  complex  picture.  For  instance,  overexpression 
of  TRF2  caused  telomere  shortening  in  primary  cells  (16).  In 
mouse  embryonic  stem  cells,  the  conditional  knockout  of  TRF1 
led  to  significantly  reduced  levels  of  TRF2  at  the  telomeres, 
suggesting  that  TRF2  telomere  localization  may  be  partially 
regulated  by  TRF1  (17).  In  addition,  chromosome  end-to-end 
fusion  was  detected  in  TRF1  knock-out  cells,  indicating  that 
telomere  end  protection  was  compromised.  Despite  the  wealth 
of  information,  the  functional  relationship  between  TRF1  and 
TRF2  in  telomere  maintenance  remains  unclear.  Notably,  a 
recent  report  demonstrated  a  direct  interaction  between  TRF2 
and  the  TRFl-interacting  protein,  TIN2  (18).  Such  findings 
further  suggest  that  cross-talk  probably  occurs  between  the 
TRF1  and  TRF2  complexes.  However,  whether  TIN2  can  simul¬ 
taneously  associate  with  both  TRF1  and  TRF2  in  the  same 
complex  remains  to  be  demonstrated. 

In  addition  to  TRF1,  several  other  telomeric  proteins  have 
been  shown  to  be  regulators  of  telomere  length  (1,  2,  7,  8, 
19-22).  Both  inhibition  of  endogenous  RAP1,  TIN2,  POT1,  or 
PTOP  expression  through  RNA  interference  (RNAi)1 * *  and  ex¬ 
pression  of  dominant  negative  forms  of  these  four  proteins 
resulted  in  elongated  telomeres  in  cultured  cells  (3,  6-8,  15, 
23).  These  observations  suggest  that  RAP1,  TIN2,  POT1,  and 
PTOP  may  function  in  the  same  pathway.  All  four  proteins, 
RAP1,  TIN2,  POT1,  and  PTOP,  directly  or  indirectly  associate 
with  TRF1  or  TRF2  (7,  8,  20),  pointing  to  a  possible  functional 
connection  among  these  six  telomeric  proteins.  In  this  report, 
we  present  evidence  demonstrating  that  the  TRF1  and  TRF2 
complexes  do  indeed  interact  with  each  other,  as  TRF1,  TRF2, 
RAP1,  TIN2,  POT1,  and  PTOP  can  form  a  protein  complex  in 
vivo  to  regulate  telomeres. 

MATERIALS  AND  METHODS 

Preparation  of  Nuclear  Extracts — HeLa  S3  cells  grown  in  suspension 
to  1  X  106  cells/ml  were  collected  and  washed  in  cold  phosphate- 
buffered  saline  and  hypotonic  buffer  (10  mM  Tris,  pH  7.3,  10  mM  KC1, 
1.5  mM  MgCl2,  0.2  mM  phenylmethylsulfonyl  fluoride,  and  10  mM  2-mer- 
captoethanol).  The  cells  were  then  allowed  to  swell  for  15  min  in 
hypotonic  buffer,  homogenized  until  cell  membrane  lysis  was  —80%. 
The  lysates  were  resuspended  in  low  salt  buffer  (20  mM  KC1,  20  mM 
Tris,  pH  7.3,  25%  glycerol,  1.5  mM  MgCl2,  and  0.2  mM  EDTA)  and 
homogenized  briefly  to  break  the  nuclear  membrane.  An  equal  volume 


1  The  abbreviations  used  are:  RNAi,  RNA  interference;  TANK, 

tankyrase;  GST,  glutathione  S-transferase;  PD,  poly(ADP-ribose) 

polymerase-dead . 
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of  high  salt  buffer  (1.2  M  KC1,  20  mM  Tris,  pH  7.3,  25%  glycerol,  1.5  mM 
MgCl2,  and  0.2  mM  EDTA)  was  added  followed  by  agitation  for  30  min 
at  4  °C  and  centrifuged  at  20,000  X  g  for  30  min.  The  supernatant  was 
dialyzed  in  BC0  buffer  (20  mM  Tris,  pH  7.3,  20%  glycerol,  0.2  mM  EDTA, 
0.2  mM  phenylmethylsulfonyl  fluoride,  and  10  mM  2-mercaptoethanol) 
for  3  h  and  centrifuged  again.  The  cleared  supernatant  was  then  ali- 
quoted  and  stored  at  —80  °C. 

Salt  extraction  and  fractionation  of  HT1080  cells  were  performed  as 
previously  described  previously  (23).  The  cells  were  extracted  in  a  low 
salt  buffer  (20  mM  Hepes  pH  7.9,  5  mM  MgCl2,  1  mM  DTT,  25%  glycerol, 
protease  inhibitors,  0.2%  Nonidet  P-40,  and  150  mM  KC1).  The  resulting 
supernatant  was  the  150  mM  fraction.  The  pellet  was  further  extracted 
with  a  similar  buffer  but  containing  420  mM  KC1.  Chromatin-bound 
proteins  were  in  the  420  mM  KC1  fraction. 

Immunoprecipitation  and  Mass  Spectrometry — For  large-scale  affin¬ 
ity  purification,  —70  mg  of  nuclear  protein  extracts  were  incubated  with 
100  pi  of  anti-FLAG  M2-agarose  beads  (Sigma)  for  3  h  at  4  °C.  The 
beads  were  then  washed  4  times  with  NETN  (20  mM  Tris,  pH  8.0,  100 
mM  NaCl,  0.5%  Nonidet  P-40,  and  1  mM  EDTA),  and  the  bound  protein 
was  eluted  twice  with  100  pi  of  200  pg/ml  FLAG  peptide-(DYKDDDDK) 
(Sigma)  in  NETN.  The  eluent  was  resolved  on  a  8-12%  SDS-PAGE 
gradient  gel  (Bio-Rad)  and  visualized  by  Coomassie  Blue  staining. 
Specific  bands  were  then  excised,  digested  with  trypsin,  and  subjected 
to  ion-trap  mass  spectrometry  as  previously  described  (24).  Peptides 
were  identified  using  PROWL  (prowl.rockefeller.edu/). 

For  small-scale  immunoprecipitation  experiments,  1  mg  of  nuclear 
extracts  was  incubated  for  2  h  at  4  °C  with  5  pg  of  anti-FLAG  M2 
(Sigma),  anti-hRapl  (Bethyl  Laboratories),  anti-TRF2  (Oncogene),  anti- 
POT1N,  anti-TIN2C,  or  anti-PTOP  466  antibodies  (7)  and  15  pi  of 
protein  A  or  protein  G-agarose  beads  (Santa  Cruz  Biotechnology).  The 
beads  were  then  washed  four  times  with  0.5  ml  of  NETN,  boiled  in  2X 
SDS  loading  buffer,  and  resolved  on  8  or  10%  SDS-PAGE  gels. 

Fractionation  of  the  Telomere-associated  Complex,  Telosome — Chro¬ 
matographic  experiments  were  performed  as  described  previously  (7). 
HeLa  cell  nuclear  extracts  were  fractionated  on  AKTA  Superose  6  HR 
10/30  gel  filtration  columns  (Amersham  Biosciences).  The  resulting  frac¬ 
tions  were  resolved  by  SDS-PAGE  and  probed  with  various  antibodies. 

Generation  of  Constructs  and  Cell  Lines  of  hRapl  and  Its  Deletion 
Mutants — FLAG-tagged  full-length  hRapl  and  various  hRapl  mutants 
were  cloned  in  the  pBabe-puro  retroviral  vector  as  previously  described 
(15).  The  retroviral  wild  type  and  mutant  FLAG-tankyrase  (TANK) 
vectors  were  a  generous  gift  from  Dr.  Titia  de  Lange  (23).  The  retroviral 
vectors  were  used  to  transfect  BOSC23  cells  to  produce  retroviruses  for 
the  subsequent  infection  of  HeLa  or  HT1080  cells.  These  cells  were 
selected  with  2  pg/ml  puromycin  for  3  days  after  infection  to  obtain  cells 
stably  expressing  hRapl  and  its  mutants  or  TANK. 

Antibodies  and  Western  Blotting  Analysis — For  Western  analysis, 
immunoprecipitates  and  nuclear  extract  controls  were  separated  by 
SDS-PAGE  and  transferred  to  polyvinylidene  difluoride  membranes. 
The  primary  antibodies  included  anti-FLAG  M2  (Sigma)  and  anti-TRF2 
(Oncogene).  The  rabbit  polyclonal  anti-POTIN  antibody  was  generated 
against  GST-tagged  human  POT1  protein  (amino  acids  1-253).  Anti- 
RAP  1,  anti-TIN2C,  and  anti-PTOP  466  antibodies  were  previously  de¬ 
scribed  (7).  These  antibodies  were  generated  by  the  Bethyl  Laborato¬ 
ries.  Anti-TRFl  antibody  was  a  generous  gift  from  the  de  Lange 
laboratory  (3).  The  secondary  antibodies  included  anti-mouse  horserad¬ 
ish  peroxidase  and  anti-rabbit  horseradish  peroxidase  (Bio-Rad). 

In  Vitro  Binding  Assays — Bacterially  expressed  GST  full-length 
POT1,  RAP1,  and  TIN2  were  purified  using  glutathione-agarose  beads 
(Molecular  Probes).  Approximately  1  pg  of  GST  fusion  proteins  on 
beads  was  used  for  each  binding  reaction.  In  vitro  translation  and 
[35S]Met  labeling  of  human  TRF1  and  TRF2  were  carried  out  using  the 
In  Vitro  TnT  kit  (Promega).  The  mixtures  were  washed  three  times  with 
NETN,  eluted  with  2X  SDS  buffer,  resolved  by  SDS-PAGE,  and  trans¬ 
ferred  to  polyvinylidene  difluoride  membranes  followed  by  analysis 
using  a  Phosphorlmager  (Amersham  Biosciences). 

Indirect  Immunofluorescence — The  localization  of  telomere-associ¬ 
ated  proteins  were  visualized  through  indirect  immunofluorescence  as 
previously  described  (20).  Cells  were  grown  overnight  on  poly-D-lysine- 
coated  coverslips,  permeabilized  in  the  Triton  X-100  solution  (0.5% 
Triton  X-100  in  phosphate-buffered  saline),  fixed  with  3.7%  parafor¬ 
maldehyde  in  phosphate-buffered  saline,  and  permeabilized  again  in 
the  Triton  X-100  solution  containing  300  mM  sucrose.  The  cells  were 
subsequently  blocked  for  1  h  at  37  °C  in  5%  goat  serum,  stained  with 
various  primary  and  fluorescence-conjugated  secondary  antibodies  for 
1  h  each  at  37  °C,  and  then  visualized  under  a  Nikon  TE200  fluores¬ 
cence  microscope.  The  primary  antibodies  used  were:  polyclonal  anti- 
TRF1;  anti-TIN2C  antibody;  and  monoclonal  anti-TRF2  antibody  (On- 
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Fig.  1.  Association  of  TRF2  RAP1  with  components  of  the 
TRF1  complex.  A,  nuclear  extracts  from  HeLa  cells  expressing  FLAG- 
RAP1  were  immunoprecipitated  with  anti-FLAG  antibodies  and  re¬ 
solved  by  SDS-PAGE.  Specific  bands  were  excised  and  sequenced  by 
mass  spectrometry.  MW,  molecular  weight;  Ab,  antibody  heavy  chain. 
B,  HeLa  nuclear  extracts  were  immunoprecipitated  with  anti-TIN2, 
anti-POTl,  anti-PTOP,  anti-TRF2,  or  anti-RAPl  antibodies.  The  immu¬ 
noprecipitates  were  resolved  by  SDS-PAGE  and  Western  blotted  with 
the  indicated  antibodies.  IP,  immunoprecipitation.  (Note:  we  could  not 
Western  blot  PTOP  or  TRF1  in  these  co-immunoprecipitation  experi¬ 
ments,  because  PTOP  and  TRF1  migrate  to  almost  exactly  the  same 
location  as  antibodies.) 


cogene).  Secondary  antibodies  were  AlexaFluor  488-conjugated  goat 
anti-mouse  antibody  (Molecular  Probes)  and  Texas  Red  goat  anti-rabbit 
antibody  (Molecular  Probes). 


RESULTS 

Identification  of  a  Telomere-associated  Protein  Complex,  Te¬ 
losome — Individual  proteins  can  be  epitope-tagged,  which  al¬ 
lows  for  easy  isolation  and  identification  of  their  associated 
proteins  by  immunoprecipitation  and  mass  spectrometry.  We 
undertook  such  a  proteomic  approach  to  understand  the  mo¬ 
lecular  mechanisms  that  regulate  human  telomeres.  In  our 
analysis  of  the  purified  RAP1  protein  complex,  we  identified 
several  proteins  that  are  known  to  interact  with  RAP1,  includ¬ 
ing  RAD50,  Mrell,  Ku86/70,  and  TRF2  (Fig.  1A)  (13,  15). 
Intriguingly,  the  sequencing  of  the  40-kDa  band  revealed  TIN2 
as  a  component  of  the  RAP1  complex  as  well.  The  same  RAP1 
complex  was  able  to  form  even  in  the  presence  of  ethidium 
bromide,  suggesting  that  the  interactions  between  the  various 
components  were  not  mediated  through  DNA  (data  not  shown). 
The  presence  of  TIN2  in  the  RAP1-TRF2  complex  was  surpris¬ 
ing,  because  TIN2  is  a  TRF1 -interacting  protein  (19). 

Our  purification  and  characterization  of  TIN2-associated 
proteins  further  confirmed  the  existence  of  a  RAP1-TIN2  pro- 
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Fig.  2.  The  six-telomeric  proteins 
form  a  high  molecular  weight  protein 
complex,  the  telosome.  HeLa  S3  cell 
nuclear  extracts  were  fractionated  on  a 
Superose  6  gel  filtration  column.  Individ¬ 
ual  fractions  ( numbered )  were  collected, 
resolved  by  SDS-PAGE,  and  Western 
blotted  with  the  indicated  antibodies.  Gel 
filtration  molecular  standards  are  indi¬ 
cated  by  arrows. 
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tein  complex,  as  we  found  TRF2  and  RAP1  to  co-purify  with 
TRF1,  TIN2,  PTOP,  and  POT1  (7).  Furthermore,  mass  spec¬ 
trometry  sequencing  revealed  the  six  proteins  to  be  the  major 
components  of  the  isolated  complex  (7).  Because  TIN2,  PTOP, 
and  POT1  have  been  shown  to  complex  with  TRF1  (6-8),  it 
suggests  that  TRF2  and  RAP1  may  interact  with  the  TRF1 
complex,  resulting  in  the  formation  of  a  six-protein  complex  at 
the  telomeres. 

To  determine  the  interaction  between  the  six  telomeric  pro¬ 
teins,  we  carried  out  co-immunoprecipitation  experiments  using 
nuclear  extracts  from  HeLa  cells  and  antibodies  against  endog¬ 
enous  POT1,  PTOP,  TIN2,  RAP1,  or  TRF2.  Consistent  with  our 
previous  observations  (7),  endogenous  POT1  and  PTOP  co-immu- 
noprecipitated  with  TIN2,  whereas  immunoprecipitation  with 
anti-PTOP  and  anti-TIN2  antibodies  brought  down  POT1  (Fig. 
LB).  Notably,  TRF2  was  also  able  to  co-immunoprecipitate  with 
POT1,  PTOP,  and  TIN2.  In  the  reciprocal  experiment,  antibodies 
against  TRF2  or  RAP1  brought  down  POT1  and  TIN2  as  well. 
These  data  strongly  support  our  findings  that  TRF2  and  RAP1 
associate  with  the  TRF1  complex  and  suggest  a  cross-talk  be¬ 
tween  the  TRF1  and  TRF2  complexes. 

We  performed  gel  filtration  experiments  next  using  HeLa 
nuclear  extracts.  As  shown  in  Fig.  2,  endogenous  TRF1,  TRF2, 
TIN2,  RAP1,  PTOP,  and  POT1  co-eluted  in  a  large  molecular 
complex  (~1  MDa),  indicating  that  the  six-telomeric  proteins 
could  indeed  form  a  physical  complex  that  contains  the  major 
telomeric  proteins  identified  to  date  in  mammalian  cells.  Based 
on  the  above  data,  we  named  this  large  complex,  containing  the 
six  telomeric  proteins,  the  telosome.  It  should  be  noted  that 
some  of  the  telomeric  proteins  (e.g.  RAP1  and  TRF2)  were  also 
co-eluted  at  lower  molecular  weight  fractions.  Therefore,  there 
may  be  other  telomere  complexes  in  addition  to  the  telosome. 

TIN 2  Directly  Binds  TRF2  Both  in  Vitro  and  in  Vivo  and 
Tethers  TRF2  to  the  TRF1  Complex — We  next  examined  how 
the  TRF2-RAP1  subcomplex  was  connected  to  the  TRF1  sub¬ 
complex  in  the  telosome.  RAP1  contains  an  N-terminal  BRCA1 
C-terminal  domain,  a  Myb  domain,  and  a  C-terminal  TRF2- 
binding  RAP1  C-terminal  domain  (RCT)  (20).  We  first  set  out  to 
determine  which  of  the  domains  of  RAP  1  were  necessary  for  its 
association  with  TIN2.  As  shown  in  Fig.  LA,  anti-FLAG  immu¬ 
noprecipitation  of  full-length  RAPL  brought  down  endogenous 
TRF2  and  TIN2.  An  analysis  of  a  series  of  RAPL  deletion 
mutants  available  in  the  laboratory  (15)  revealed  that  the 
BRCA1  C-terminal  and  Myb  domains  were  dispensable  in  me¬ 
diating  RAP1  interaction  with  TRF2  and  TIN2  (Fig.  3A).  How¬ 
ever,  the  RAP1  C-terminal  domain  deletion  mutant  (ARCT) 
failed  to  co-immunoprecipitate  with  not  only  endogenous  TRF2 
but  also  TIN2,  indicating  that  RAP1  may  associate  with  TIN2 
through  TRF2.  Furthermore,  these  data  suggest  a  direct  inter- 
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Fig.  3.  TIN2  directly  interacts  with  TRF2.  A,  extracts  from  cells 
expressing  FLAG-tagged  full-length  RAP1,  RAP1  ABRCT,  RAP1  AMyb, 
and  RAP1  ARCT  were  immunoprecipitated  with  anti-FLAG  antibodies. 
The  immunoprecipitates  were  resolved  on  SDS-PAGE  and  Western 
blotted  using  anti-TRF2  and  anti-TIN2  antibodies.  B,  cDNAs  encoding 
full-length  TRF2  or  TRF1  were  cloned  into  the  pcDNA3  vector  and  in 
vitro  translated  in  the  presence  of  [35S]Met.  GST-POT1,  GST-TIN2,  and 
GST-RAP1  fusion  proteins  were  used  in  pull-down  reactions. 


action  between  TRF2  and  TIN2  (or  other  components  of  the 
TRF1  complex).  To  test  this  hypothesis,  TRF2  was  in  vitro 
translated  and  incubated  with  GST  fusion  telomeric  proteins. 
As  shown  in  Fig.  3 B,  in  vitro  translated  TRF2  specifically 
bound  GST-TIN2  (at  a  level  comparable  to  GST-RAP1)  but  not 
GST-POT1.  GST-TIN2  but  not  GST-RAP1  specifically  pulled 
down  in  vitro  translated  TRFI  (Fig.  3B,  right  panel).  Therefore, 
both  TRFL  and  TRF2  can  directly  interact  with  TIN2.  More¬ 
over,  specific  interactions  between  V5-tagged  TRF2  and  FLAG- 
tagged  TIN2  were  detected  in  293T  cells  (data  not  shown). 
Consistent  with  a  recent  report  on  TIN2  interaction  with  TRF2 
(18),  our  results  indicate  that  TIN2  provides  the  link  between 
the  TRFL  and  TRF2  complexes. 

Telomeric  Localization  of  Telosome  Subunits  Is  Regulated  by 
TRFI — To  further  address  the  functional  relevance  of  telosome 
as  well  as  the  interaction  between  TRFI  and  TRF2,  we  inves- 
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Fig.  4.  Telomeric  localization  of  te- 
losome  subunits  is  regulated  by 
TRF1.  HT1080  cells  expressing  wild  type 
TANK  ( two  left  panels)  or  its  catalytically 
inactive  mutant  (TANK-PD,  two  right 
panels)  were  twice  permeabilized  and 
stained  with  antibodies  against  TRF1, 
TRF2  (A),  or  TIN2  (B).  C,  HT1080  cells 
expressing  TANK  wild  type  or  TANK-PD 
were  extracted  sequentially  with  buffer 
containing  150  and  420  mM  KC1  (chroma¬ 
tin-bound  fraction)  (23).  The  cell  extracts 
were  then  Western  blotted  with  anti- 
TIN2,  anti-TRF2,  and  anti-Ku86  (loading 
control)  antibodies. 
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tigated  whether  telomere  localization  of  telosome  subunits,  in 
particular  TRF2,  was  regulated  by  TRF1  using  HT1080  cells 
expressing  FLAG-tagged  wild  type  TANK  or  catalytically  inac¬ 
tive  TANK  (TANK-PD).  TANK  is  a  TRFl-associated  poly(ADP- 
ribose)  polymerase  (25).  TANK  can  ADP-ribosylate  TRF1,  re¬ 
sulting  in  TRF1  ubiquitination  and  degradation  by  the 
proteasome  pathway,  effectively  stripping  TRF1  off  the  te¬ 
lomeres  (25,  26).  In  these  cells,  FLAG-TANK  and  TANK-PD 
were  expressed  at  comparable  levels,  whereas  total  TIN2  and 
TRF2  levels  were  not  reduced  (data  not  shown).  We  then  com¬ 


TIN2 

TRF2 

Ku86 


150mM  420mM 


pared  the  levels  of  telomere-localized  TRF1,  TRF2,  and  TIN2  in 
these  cells  using  indirect  immunofluorescence.  Endogenous 
TRF1,  TRF2,  and  TIN2  exhibited  punctate  staining  patterns, 
characteristic  of  telomeric  proteins  (Fig.  4).  As  previously  re¬ 
ported  (17),  telomere-bound  TRF1  was  greatly  reduced  in  cells 
expressing  wild  type  TANK  compared  with  TANK-PD-express- 
ing  cells  (Fig.  4A).  Similarly,  the  number  and  intensity  of  TIN2 
foci  decreased  significantly  in  wild  type  TANK-expressing  cells 
(Fig.  4 B).  The  direct  interaction  between  TIN2  and  TRF2  sug¬ 
gests  that  TRF2  telomere  localization  may  be  affected  in 
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TANK-expressing  cells  as  well.  Indeed,  in  cells  in  which  TRF1 
levels  were  reduced  because  of  TANK  expression,  anti-TRF2 
staining  also  decreased  (Fig.  4A).  Consistent  with  this  obser¬ 
vation,  the  amounts  of  chromatin-bound  TIN2  and  TRF2  in 
TANK-expressing  cells  were  also  reduced,  as  analyzed  by  West¬ 
ern  blotting  (Fig.  4C).  These  results  are  not  only  consistent 
with  the  finding  that  TRF2  telomere  localization  was  altered  in 
TRF1  knock-out  cells  (17)  but  also  provide  further  support  for 
the  six-protein  core  telosome  model.  In  this  case,  eliminating 
TRF1  could  prevent  telosome  formation,  thereby  preventing 
telomere  localization  of  TIN2  and  TRF2.  Therefore,  telomere 
localization  of  TRF2  may  depend  upon  the  formation  of 
telosome. 

DISCUSSION 

All  six  proteins,  TRF1,  TRF2,  TIN2,  RAP1,  POT1,  and 
PTOP,  have  been  shown  to  specifically  localize  to  the  telomeres 
in  mammalian  cells.  Functional  interference  with  any  of  the  six 
proteins  by  RNAi  or  dominant  negative  expression  has  been 
known  to  affect  telomere  length  or  end  capping  (3,  6-8,  12,  15, 
23).  Therefore,  these  proteins  probably  are  the  major  players  of 
telomere  maintenance.  In  a  recent  study  by  Kim  et  al.  (18),  the 
authors  showed  a  direct  interaction  between  TIN2  and  TRF2. 
In  this  report,  we  demonstrated  that  TIN2/TRF2  interaction 
provides  only  one  piece  of  the  puzzle,  because  all  six  telomeric 
proteins  are  able  to  assemble  into  a  high  molecular  weight 
complex,  the  telosome.  While  this  paper  was  in  review,  Ye  et  al. 
(27)  also  reported  the  discovery  of  the  six-protein  telomeric 
complex,  which  is  consistent  with  our  findings.  The  telosome 
model  helps  to  explain  why  similar  telomere  extension  pheno¬ 
types  in  human  cells  were  obtained  when  RAP1,  POT1,  PTOP, 
or  TIN2  was  inhibited  through  RNAi  or  dominant  negative 
expression  (3,  6-8,  15,  23).  Incorporation  of  the  dominant 
negative  forms  of  a  subunit  into  the  telosome  may  prevent  its 
normal  function,  and  knock-down  of  one  of  the  six  proteins  by 
RNAi  will  probably  hinder  telosome  formation.  Additionally, 
the  stoichiometry  of  telosome  subunits  may  be  crucial  to  its 
proper  assembly.  For  example,  the  knock-down  of  TIN2 
through  RNAi  led  to  reduced  TRF1  localization  at  the  te¬ 
lomeres  (23).  In  further  support  of  a  critical  role  of  the  telosome 
in  maintaining  telomere  integrity,  inactivation  of  TIN2  or 
TRF1  in  mice  resulted  in  embryonic  lethality  (14,  30).  In  the 
TRF1  knock-out  mouse,  telomeric  localization  of  TRF2  and 
TIN2  was  also  disrupted  (17). 

Both  TRF1  and  TRF2  can  bind  telomeric  double-stranded 
DNA.  The  functional  difference  between  these  two  proteins  is 
probably  due  to  their  abilities  to  recruit  different  signaling 
complexes.  TRF1  plays  a  primary  role  in  telomere  length  con¬ 
trol  and  cell  cycle,  whereas  TRF2  protects  telomere  ends  from 
being  recognized  as  DNA  breaks.  It  was  unclear  whether  com¬ 
munication  could  occur  between  the  TRF1  and  TRF2  com¬ 
plexes.  Our  results  suggested  that  TRF1  and  TRF2  interact 


with  each  other  through  TIN2  and  highlight  the  functional 
connection  between  TRF1  and  TRF2.  The  identification  of  the 
telosome  unites  two  essential  pathways  in  telomere  mainte¬ 
nance,  telomere  length,  and  end  protection  and  suggests  coor¬ 
dinated  action  and  functional  cross-talk  between  its  subcom¬ 
plexes.  Functionally  similar  to  the  budding  yeast  telosome  (28, 
29),  the  mammalian  telosome  may  represent  the  core  telomere- 
associated  complex  mediating  telomere  maintenance  in  mam¬ 
malian  cells.  Each  of  the  six  telomeric  proteins  may  interact 
with  many  other  different  proteins  to  form  unique  subcom¬ 
plexes,  allowing  for  the  dynamic  integration  and  processing  of 
signals  from  diverse  pathways. 
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